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Introduction
It is well established that male reproductive potential (commonly 'fertility') has been, and continues to be, adversely affected by many environmental, industrial and pharmaceutical toxins (e.g. Perry, 2008; Jurewicz et al., 2009; European Science Foundation, 2010; Joffe, 2010; Sharpe, 2010; Perry et al., 2011; Sutton et al., 2012) . Unfortunately, the reproductive toxicity of the great majority of these problem substances was discovered after-the-fact, and pre-emptive testing for reproductive toxicological (side-)effects remains limited, or even non-existent. With the burgeoning markets for nutraceuticals, processed food and food packaging, cosmetics and personal care products, it therefore seems apposite that awareness be created regarding such risks to human and animal fertility. Beyond the many substances and materials that might affect male fertility indirectly, many products that come into direct contact with spermatozoa are reaching market without adequate testing for absence of adverse effects, even some that receive CE marking (Conformité Européenne; a mandatory conformity mark for products placed on the market in the European Economic Area) for use in assisted conception treatment. For example, saying that a product is 'non-spermicidal' only means that it does not specifically contain a spermicidal drug (Vargas et al., 2011) , and there are numerous products that are intended for exposure to spermatozoa where there is nothing documented or known, only a general assumption of 'safety' based on the absence of any evidence of actual harm. By providing an overview of the broad range of substances, materials and products that can affect male fertility via sperm production or sperm fertilizing potential, we hope to raise awareness of the extent of the problem (Sutton et al., 2012) and the increasingly urgent need for action to avoid personal calamities by individuals (e.g. couples who are trying to conceive) on the one hand, and severe environmental consequences on the other.
Further information to facilitate understanding of this review by non-spermatologist/non-andrologist readers can be found in basic andrology reference books, including Hargreave (1994a) , Mortimer (1994) , Patton and Battaglia (2005) ; Schill et al. (2006) , , Nieschlag et al. (2010a) and Jequier (2011) .
Methods
Given the recognition that many substances and materials that might affect male fertility potential either directly or indirectly are reaching market without adequate prior testing for adverse effects on spermatozoa, an international group of authors with extensive experience in spermatology and andrology was formed with D.M. acting as the coordinating author. Following an initial series of telephone conversations and e-mail exchanges, the following general objectives were set for the article:
(a) To compile a comprehensive, critical overview of the physical and chemical factors that can influence human male fertility by affecting sperm production and/or sperm functional potential. (b) To expand this list to include pharmaceuticals, nutraceuticals, processed food and food packaging materials, cosmetics and personal care products, and products used in assisted conception treatment. (c) To focus primarily on human male fertility, but to augment our understanding using research from other animal species when necessary. (d) To make the article understandable by readers from a broad range of backgrounds, many of whom would not have specialist knowledge of sperm physiology and pathophysiology.
Because of the necessarily broad scope of the article, an initial manuscript outline was created based on a list of sections that represented the general areas of interest within its scope. The outline for each section was then expanded with lists of topics and sub-topics, reviewed and amended by all authors and then used as the framework for compiling the content. Each author either self-assigned or was asked to contribute to various sections, based on their particular areas of interest, experience and expertise. Relevant literature and other material for each (sub-)topic was obtained from personal professional libraries and archives, and supplemented as necessary using PubMed and Google searches to ensure the breadth of coverage. While the bibliography of resources employed is extensive, the vast scope of all the pertinent issues precludes its being exhaustive for simple reasons of practicality. Review by co-authors was considered to have adequately identified and eliminated any errors of omission or bias. Summarization of material was based on the expertise and the contributing author for each (sub-)topic, followed by review and acceptance by all co-authors. At several points during its preparation, the manuscript was circulated to all co-authors for overall review and comment on both specific content and general readability. The coordinating author compiled all revisions and suggestions using the principle of unanimity based on implicit acceptance in the absence of contrary comment, combined with consensus established via e-mail polling and other exchanges. The final version of the manuscript for submission, as well as the revised version following feedback from the reviewers, including all summaries and recommendations, was approved by all authors.
Factors affecting male reproductive capacity
Male reproductive function is claimed to be decreasing (Carlsen et al., 1992; Sharpe and Skakkebaek, 1993; Sharpe, 2012) , specifically a perceived decline in sperm counts in the ejaculates of normal men. However, the extent to which measurements of sperm concentration in complete and incompletely collected semen samples is a reliable measure for the fertility status of entire populations has been hotly debated (Mahmoud et al., 1997; Gottardo and Kliesch, 2011; Isobe, 2012) . Based on reported decreases in sperm concentrations in the general population, and decreased sperm motility and morphology in the male partners of couples seeking infertility treatment, it has been hypothesized that environmental chemicals with estrogenic properties are negative factors for male fertility (Tas et al., 1996; Van Waeleghem et al., 1996; Phillips and Tanphaichitr, 2008; Diamanti-Kandarakis et al., 2009; Giwercman, 2011; Woodruff, 2011) , even though no apparent and clear decrease in population fertility has been noted in epidemiological studies (Akre et al., 1999; Scheike et al., 2008; Joffe, 2010) . Nonetheless, although the epidemiological consequences are unclear, there may be toxicological effects on individuals, since both clinical and laboratory research suggests that all the changes in male reproductive health appear interrelated and may have a common origin in fetal life or childhood (Sharpe, 2006; Sharpe and Skakkebaek, 2003; Skakkebaek et al., 2001 Skakkebaek et al., , 2011 Buck Louis et al., 2008,) and several epidemiological studies implicate exposure to environmental chemicals, mainly endocrine disruptors, in male reproductive health disorders (Sharpe, 2009 (Sharpe, , 2010 Balabanič et al., 2011) .
The mechanisms whereby xenogenic factors exert their adverse effects on male reproduction through events occurring during fetal testis and germinal cell development, commonly referred to as the 'testicular dysgenesis syndrome', is clearly outside the scope of the present review. However, many effects are mediated either by targeting pituitary gonadotrophins (Mutoh et al., 2006) or via the genetic regulation of steroidogenesis (Kuhl et al., 2007) at either the genomic (Liu et al., 2005) or proteomic (Laier et al., 2006; Klinefelter et al., 2012) levels. Gene pathways disrupted included cholesterol transport and steroidogenesis, as well as pathways involved in intracellular lipid and cholesterol homeostasis, insulin signalling, transcriptional regulation and oxidative stress (Liu et al., 2005) . Other gene targets include a-inhibin (which is essential for normal Sertoli cell development) and genes involved with communication between Sertoli cells and gonocytes (Liu et al., 2005) . Environmental toxicants can induce tissue oxidative stress and peroxidation (Kabuto et al., 2004) and induce germ cell apoptosis in the human fetal testis (Coutts et al., 2007) .
This concept of a 'critical period of exposure' applies to both the gonad and the brain, as illustrated by the diethylstilbestrol experience in humans and experiments in rodents showing that estrogenic compounds, present during a critical pre-or peri-natal period can influence behaviour, accessory glands and reproductive structures (Harris and Waring, 2012) . Other compounds present at these times can have effects that are not necessarily hormonal in nature, and are manifested later in life, particularly, epigenetic modifications (Anway et al., 2005 (Anway et al., , 2006 .
Emerging trends in the male reproductive health of wildlife also raise the possibility of environmental factors as partial aetiologic contributions to the observed reproductive health decline (Edwards et al., 2006; Hamlin and Guillette, 2010) . Experimental results and clinical reports have suggested that prenatal exposure to exogenous estrogens may play an aetiologic role in the trends observed in male fertility (Danish Environmental Protection Agency, 1995; Toppari et al., 1996; Skakkebaek et al., 2011; Braw-Tal, 2010) . While awareness of the biological risks of chemical toxicity has increased considerably in recent years (Zhu and Huang, 2011; Rhomberg and Goodman, 2012) (Table I) , some of these chemicals have long half-lives and have been detected in environmental samples 10-20 years after they were banned for sale or use (Aitken et al., 2004) .
A short list of those substances and physico-chemical factors that have established direct effects on sperm function in vitro, and hence are of particular interest within the context of the present review, has been provided in Table II .
Environmental endocrine-disrupting chemicals
Mankind and wildlife alike are exposed to many general classes of chemicals present in the natural environment, including pesticides, fungicides, heavy metals, defoliants and other chemical weapons, as well as oils and cleaning agents (Colborn et al., 1993 (Colborn et al., , 1997 Sheiner et al., 2003; Gore, 2007; Woodruff et al., 2008 ; see also http:// www.ourstolenfuture.org/basics/chemlist.htm). Many of these chemicals likely exert their effects through mechanisms involving disruption of the endocrine system ('endocrine disruptor chemicals' or EDCs), which have received a great deal of attention, since the introduction of the term 'endocrine disruptor' nearly two decades ago (Colborn et al., 1993) .
Endocrine disruption refers to a mechanism of toxicity that hinders the ability of cells, tissues and organs to communicate hormonally , resulting in a wide variety of adverse health outcomes including reduced fertility and fecundity (Giwercman, 2011) , spontaneous abortion, skewed sex ratios within the offspring of exposed communities (Yiee and Baskin, 2010) , male and female reproductive tract abnormalities (Bornman et al., 2010; Newbold, 2011; Dunbar et al., 2012) , precocious puberty (Mouritsen et al., 2010; Deng et al., 2012) , polycystic ovary syndrome (Teede et al., 2010) , neurobehavioural disorders, impaired immune function and a wide variety of cancers (Skakkebaek et al., 2001; Keinan-Boker et al., 2004; Ndebele et al., 2010) . Endocrine disruptors represent a wide range of chemical classes and include agonists of the estrogen receptor, androgen receptor antagonists and aryl hydrocarbon receptor agonists (Beischlag et al., 2008) . Some chemicals exhibit more than one mechanism of action (Phillips and Foster, 2008) .
The major groups of environmental chemicals with EDC activity includes the organochlorine pesticides, other pesticides, herbicides and fungicides, polychlorinated biphenyls (PCBs), dioxins and furans, alkylphenol polyethoxylates, bisphenol A (BPA), phthalates, phytoestrogens and other xenoestrogens (Colborn et al., 1993 (Colborn et al., , 1997 ( Table I) . Many of these chemicals persist in the environment. Some are lipophilic and hence sequestered in adipose tissue and secreted in milk, and others may only be present for short periods of time but at critical periods of development.
A number of insecticides and herbicides are known to cause infertility (Perry, 2008 ; also http://www.arhp.org/publications-andresources/clinical-proceedings/RHE/Pesticides, accessed 14 February 2013). For example, the nematocide dibromodichloropropane (DBCP) was for many years used to protect the Hawaiian pineapple crop from destruction by a weevil that attacks it roots, but transference of DBCP into the water supply had devastating impact on human fertility by causing azoospermia. Other insecticides, such as dimethyl 1-2-dichlorovinyl phosphate, and the PCBs are similarly gonadotoxic.
Exposure to EDCs may occur through environmental routes (air, soil, water, food) or via occupational exposures (Sharpe, 2009; Woodruff, 2011) , and individuals may have multiple exposures that in many cases occur chronically and at low doses. EDCs are very diverse in structure and potency (Damstra et al., 2002) . Humans are exposed to low levels of multiple EDCs, the effects of which can be additive, and frequently have body burdens comparable to those that cause abnormalities in other vertebrates (Kortenkamp, 2007; Kortenkamp et al., 2007; Bornman et al., 2010) . There are also many spermotoxic and gonadotoxic substances beyond EDCs to which men are exposed within their normal environment or in the workplace. Endocrine disruption must be considered in the context of both individuals and populations, although not every individual within a population may be similarly affected, and EDC effects can be permanent or irreversible (Gore, 2007) .
There are a number of mechanisms whereby EDCs can modulate endocrine systems and potentially cause adverse effects (Mnif et al., 2011) . The generally accepted paradigm for receptor-mediated responses involves a hormone binding to its receptor at the cell surface, in the cytoplasm or within the nucleus, followed by a complex series of events within the classical genomic pathway that lead to interaction of receptors with the DNA by binding to hormone response elements in the target gene promoter area (Gruber et al., 2004; Delbes et al., 2005) . Off-target effects as well as cross-talk may occur as many transcription factors modulate transcription in a DNA-binding independent fashion (Beischlag et al., 2008) . Gene expression studies aim to elucidate the effects of disruption on a host of genes, attributed to prenatal exposure, in particular genes associated with reproductive tract development, evidenced by rodent models (Welsh et al., 2008; Gore et al., 2011) as well as postulated in humans (Kalfa et al., 2009 ; Diamanti-Kanarakis et al., 2009).
Heavy metals
All heavy metals are toxic to the testis and readily damage the seminiferous epithelium (Bonde, 2010; Wirth and Mijal, 2010; Marzec-Wró blewska et al., 2012) and cadmium interacts with the zincdependent stability of the human sperm chromatin (Casswall et al., 1987) . Salts of arsenic, cadmium and mercury, as well as metals i6 such as lead and antimony, are all highly damaging to spermatogenesis, with cadmium salts specifically damaging the Sertoli cells; their accidental ingestion causes infertility (Boscolo et al., 1985; Benoff et al., 2000) . The most toxic are cadmium and arsenic salts, which were historically used to protect roof timbers against dry rot and termite invasion (but are now banned in many countries for this purpose). Industrial exposure to lead can reduce the sperm count (Alexander et al., 1996) , and men heavily poisoned by lead can also suffer a reduction in thyroid function as well as decreased cortisol production. Mercury also interferes with spermatogenesis and can damage the epididymal ducts. Heavy metals are also present in some welding fluxes, a possible explanation for the known relationship between welding and infertility. Arsenic and antimony can be found in folk medicines, particularly those from the Indian subcontinent and Traditional Chinese Medicine (Lynch and Braithwaite, 2005) .
Solvents
Various organic solvents are also known to cause infertility, including glycol ethers (Cherry et al., 2008) which are used in the printing industry and are also found in some paints (e.g. as used on naval vessels). Perchloroethylene, used in the dry cleaning industry, can also cause subfertility, but its effects on sperm morphology and kinematics are subtle, and their impact on fertility remains unclear (Eskenazi et al., 1991) .
Pharmaceuticals
Many pharmaceuticals are known to have male reproductive side effects expressed through deleterious effects on either the production of spermatozoa and/or their function (Drife, 1987 ). An excellent reference book by Forman et al. (1996) has not been updated, and an up-to-date reference site does not exist-as witnessed by the regular appeals for information on drug side effects on the Androlog list server (www.andrology.org/?Links:13101201:Androlog_net). Some agents suppress gonadotrophins and thus secondarily cause infertility, others have a toxic effect upon the spermatogenic epithelium and some have a direct effect on the spermatozoa themselves. Many classes of drugs or individual therapeutic agents beyond those with erectile dysfunction activity affect fertility or sexuality, only sometimes having adverse effects upon sperm production or sperm function as registered side effects (Forman et al., 1996) . These include psychotropic and central nervous system drugs (e.g. antidepressants, antiepileptics), antihypertensives, cancer chemotherapy, therapeutic hormones, as well as recreational drugs and drugs of abuse such as tobacco, marijuana and cocaine. Therapeutic drugs (as well as physical agents and environmental toxicants) can affect the integrity of sperm chromatin, inducing structural, genetic and/or epigenetic abnormalities (Delbès et al., 2010; Christensen and Marsit, 2011) . While the mechanisms that trigger such damage remain largely unresolved (depending on their nature, chemicals can directly target the DNA, induce oxidative stress, or modify epigenetic elements), a given individual's susceptibility depends on their genetic background, lifestyle and exposure to various (other) insults.
Some specific examples of some common pharmaceuticals that affect sperm production and/or sperm function are provided (in alphabetical order based on their general purpose) to illustrate the risks that might be posed by such therapeutic agents and/or their biological mechanisms of action.
Analgesics
Analgesic administration during pregnancy is a common occurrence; however, some of these drugs, as evidenced in animal experiments, exhibit anti-androgenic effects (Kristensen et al., 2011) . Intrauterine exposure has been linked to abnormal reproductive development as the sensitive reproductive programming window may be influenced by androgen deficiency, resulting in cryptorchidism, hypospadias and compromised fertility (Welsh et al., 2008) . Opioid analgesics, used to treat acute pain, have a direct effect on human sperm motility in vitro, by decreasing sperm motility and at higher concentrations, immotile spermatozoa was observed (Xu et al., 2013) .
Anti-depressants, anti-epileptics and other psychotropic drugs
Several anti-epileptic drugs have been reported to adversely affect human sperm morphology and motility (Isojärvi et al., 2004) and lithium, used to treat bipolar affective illness, inhibits human sperm motility (Raoof et al., 1989) . Various psychotropic antidepressant drugs and the original b-blocker propranolol have also been shown to be potent inhibitors of sperm motility, at least in vitro-although whether they have similar adverse effects in vivo remains unclear (Hong et al., 1981b (Hong et al., , 1982 Levin et al., 1981) .
Calcium channel blockers
These drugs disrupt the movement of calcium ions through calcium channels, and have effects on many excitable cells such as cardiac muscle, the smooth muscles of blood vessels and neurons. Their most widespread clinical application is as anti-hypertensives, but they are also frequently used to control heart rate, prevent cerebral vasospasm and reduce chest pain due to angina. Because voltagegated calcium channels are also involved in the regulation of sperm capacitation and hyperactivation, as well as the acrosome reaction (AR), these drugs can also impair sperm fertilizing ability, both in vivo and during IVF (Benoff et al., 1994) . As a corollary to this, the extreme elevation of intracellular calcium ions can adversely affect sperm vitality, even to the extent that the mechanism might have contraceptive potential (Kumar et al., 2008) . Therefore, any chemical, whether a pharmaceutical or naturally occurring, that affects the calcium homeostasis of spermatozoa is likely to affect sperm function.
Chemotherapeutic agents
Most of the chemotherapeutic agents act as alkylating agents that covalently join different molecules together and thus interfere with cell function and cell division, thereby damaging the spermatogenic epithelium and thus reduce the sperm count, often to azoospermia (Mitchell et al., 2009; Dohle, 2010) . As there is no known way to block this effect upon the testis, and it is difficult to give specific information regarding the possible return of spermatozoa to the ejaculate posttreatment (in many patients, sperm production is never resumed, yet in others, spermatozoa may unexpectedly be found in an ejaculate), pretreatment sperm storage is essential (Lass et al., 2001; Tomlinson and Pacey, 2003) . Others act as anti-folates and thus target rapidly dividing cells; some also inhibit nucleic acid synthesis. The alkylating agent cyclophosphamide, which is probably the most commonly used chemotherapeutic drug, has the direst effect upon sperm production. The damage done to the testis is usually dosedependent, and as cyclophosphamide is frequently used in combination with other anti-mitotics, such therapy invariably decreases the sperm count. High-dose cyclophosphamide can also interfere with Leydig cell function and hence cause a reduction in testosterone secretion. With the increasing efficiency of these chemotherapeutic agents, the number of patients with this form of infertility is increasing and it is not at all uncommon for such patients to present in infertility clinics.
The suggestion that pre-pubertal boys were less sensitive to the effects of chemotherapy (Schalet, 1980) led to the use of gonadotrophinreleasing hormone (GnRH) analogues prior to chemotherapy. While this possible method for protecting the testis from the effects of both chemotherapy and irradiation is still used today , it remains controversial. GnRH analogues are also commonly used in the control of prostate cancer, often administered in depot form, with the side effect of azoospermia. With some men in their 50s now attending infertility clinics, this situation does occasionally occur.
Colchicine
Commonly used as a prophylactic treatment for gout, colchicine can cause a reversible impairment of sperm production in some men (Haimov-Kochman and Ben-Chetrit, 1998; Kirchin et al., 1999) .
Finasteride
This anti-androgen, a synthetic 5a-reductase inhibitor (an inhibitor of the enzyme that converts testosterone to dihydrotestosterone), is frequently prescribed in the management of male pattern hair loss (e.g. Propecia, Merck, Sharpe & Dohme and various generic names; see www.propecia.com, www.propeciacanada.org, www.propeciaaustralia .net, www.propeciauk.com), a practice that is becoming increasingly popular with the creation of more clinics that specialize solely in treating this problem. While an early study suggested that finasteride had no deleterious effect on sperm count (Overstreet et al., 1999) , this has been refuted in later reports (Glina et al., 2004; Amory et al., 2007; Collodel et al., 2007) . It has also been known for some time that even small doses of finasteride can interfere with sexual function (e.g. Uygur et al., 1998; Irwig and Kolukula, 2011) , and can give rise to erectile dysfunction and disturbances in ejaculation. Finasteride is also used in the management of prostate cancer, also at doses that will reduce sperm numbers. Unfortunately, the adverse effect of finasteride on sperm count is often disregarded as a possible aetiology of reduced sperm counts in men attending an infertility clinic.
Phosphodiesterase inhibitors
The idea of employing phosphodiesterase inhibitors such as caffeine, theophylline (dimethylxanthine), pentoxifylline and isobutylmethylxanthine (IBMX), as well as dibutyryl-cyclic adenosine monophosphate (db-cAMP), has been around since the 1970s (Matson et al., 1995; Henkel and Schill, 2003; Publicover and Barratt, 2011) . These substances certainly show in vitro stimulatory effects on motility and kinematics in poorly motile spermatozoa from some men, as well as on various aspects of sperm function related to capacitation and the AR, but the effect can also be detrimental. For example, caffeine adversely affects the more motile spermatozoa (Serres et al., 1982) , decreases longevity (Traub et al., 1982) and the use of caffeine stimulation of cryopreserved spermatozoa prior to insemination might be deleterious (Vandeweghe et al., 1982) . While pentoxifylline in particular has seen extensive clinical use in ART with beneficial outcome in many series of cases of asthenozoospermia, its indiscriminate use has no benefit (Tournaye et al., 1995) and it can decrease sperm longevity (Tournaye et al., 1994a) , presumably due to metabolic 'burn out' (Centola et al., 1995) . Moreover, the inadvertent exposure of oocytes to pentoxifylline is clearly detrimental and must be avoided (Tournaye et al., 1994b) . With the advent and widespread use of ICSI, clinical interest in such sperm stimulation therapies (which are, perforce, off-label use of these drugs) has waned somewhat, although pentoxifylline is still sometimes used to try and stimulate nonprogressive or 'twitching' motility in testicular sperm to facilitate their selection for use in ICSI (Griveau et al., 2006) .
Statins
While major adverse side effects of statins (used to treat hypercholesterolaemia) on spermatozoa have not been identified, the question has been raised many times on bulletin boards and list servers, along with anecdotal reports of possible cases where statin treatment might have affected sperm fertilizing ability.
More powerful cholesterol sequestering drugs such as b-cyclodextrin can promote capacitation at low doses, since removal of cholesterol from the sperm membranes is an integral component of the capacitation process (Visconti et al., 1999) , and can adversely affect sperm vitality after longer exposure following the induction of high levels of spontaneous, non-physiological, ARs (Cross, 1999) . Consequently, excessive exposure to cyclodextrins, especially methyl-b-cyclodextrin, could lead to impaired sperm fertilizing ability as a result of premature ARs, leading to their possible consideration as contraceptive agents (Visconti et al., 1999) .
Sulphasalazine
Sulphasalazine is a sulphonamide antibiotic that has been used to treat inflammatory arthritis and some inflammatory bowel diseases such as ulcerative colitis and Crohn's disease, since the 1940s. In 1979, it was realized that it could cause oligozoospermia and even azoospermia, its spermotoxic action being mediated through its metabolic breakdown product sulphapyridine (Levi et al., 1979; Toovey et al., 1981) . Fortunately, all its effects, including reduced sperm production, decreased sperm motility and increased abnormal forms, are reversible (Forman et al., 1996) .
Testosterone and anabolic steroids
Being 'the male hormone' testosterone is sometimes given mistakenly to try and treat a low sperm count. While exogenous testosterone or testosterone-like agents can improve libido, its negative feedback effect will obviously reduce sperm production, making it an inappropriate therapy for suspected male subfertility. Treatment with the usual doses of testosterone will totally ablate LH secretion (Amory et al., 2006) and cause a major reduction in the levels of intratesticular testosterone: indeed testosterone forms the basis of the 'male pill' (Amory and Bremner, 1998; Martin et al., 2000) . While testosterone at typical doses usually reduces the sperm count to zero, and hence can never be recommended for a man with subfertility, it can be administered to infertile men in small doses without a reduction in the sperm count, provided it is given as an 'add back' preparation alongside hCG. This is often used in patients with hypogonadotrophic hypogonadism that can be associated with a delay in pubertal development as is the case in patients with disorders such as Kallman syndrome and similar disorders.
It must also be remembered that the secretion of naturally occurring testosterone normally shows a marked diurnal change (Plymate et al., 1989; Waite et al., 2009) , being high in the early morning and falling as i8 the day proceeds. Thus often among infertile men testosterone can be low simply because it was measured at the wrong time of day: testosterone is best measured between 08:00 and 10:00 h in all patients.
Anabolic steroids will also ablate LH secretion and cause azoospermia. Although these agents are very useful in the treatment of obesity and in terminally ill patients with clinical AIDS (Strawford et al., 1999) , their abuse (typically illicit use) by bodybuilders, weight-lifters and other 'power' athletes such as sprinters results in marked adverse effects upon male reproductive function and serious general health side effects. Anabolic androgens replace the natural androgens and, like an excess of naturally occurring testosterone, suppress the production of LH via a negative feedback effect, substantially reducing the production of natural testosterone.
Other drugs that raise prolactin and have a similar effect are some of the hypotensive agents as well as the long-term use of chlorpromazine. Less commonly, the drug phenytoin, used in the treatment of epilepsy, also reduces the sperm count probably due to its action in the reduction of LH secretion (Murialdo et al., 1994) , although phenytoin is little used nowadays.
Recreational drug use and abuse
The use of illicit drugs is a well-established cause of male infertility, with marijuana being one of the most commonly used drugs (Fronczak et al., 2011) . D-9-tetrahydrocannabinol (THC), the primary psychoactive cannabinoid in marijuana, reduces gonadotrophin secretion, particularly LH (Smith and Asche, 1987) , thereby depressing testosterone secretion by the testis (Kolodny et al., 1974) and the sperm count falls as a consequence. THC markedly reduces progressive motility in human spermatozoa, as well as their ability to undergo the AR (Whan et al., 2006) . In mice, THC attenuates sperm motility and male fecundity (Morgan et al., 2012) .
Opiates, including heroin and morphine, are another indirect cause of gonadotrophin reduction. Most legal opiate use is limited in dosage and duration, being confined to some post-operative period or to terminally ill patients with a limited life span. Prolonged use of opiates is usually illicit, e.g. heroin addicts, and their intake is often excessive. Large doses of opiates have an anti-dopamine effect and raise the level of prolactin in serum that in turn reduces LH secretion (Torre and Falorni, 2007) and thus the level of testosterone secretion; a similar effect may be seen in marijuana users. Since the testosterone level can be returned to normal by administration of hCG suggests that opiates do not have any effect on the testis itself.
Cocaine is a central nervous system stimulant and, in moderate doses, suppresses both serum LH and prolactin. There are no major studies of the effects of cocaine on human reproduction, but it has been suggested that abnormal sperm counts are significantly more common among cocaine users than non-users (Bracken et al., 1990) .
Alcohol has a mixed action, affecting both spermatozoa and the spermatogenic epithelium of the testis via reducing testosterone synthesis by the Leydig cells (Johnston et al., 1981) . A further action that can affect consumers of large amounts of alcohol is damage to the liver. Cirrhosis of the liver results in decreased metabolism of the steroid hormones, particularly estrogen, resulting in the development of gynecomastia and skin changes known as spider naevi. As the levels of estrogen rise, the gonadotrophin levels fall and the sperm count also falls. There are also direct effects of alcohol as a component of lotions or lubricants on sperm viability.
Smoking cigarettes reduces sperm production and increases oxidative stress, DNA damage and lipid peroxidation levels (Linschooten et al., 2011; Fariello et al., 2012) . Spermatozoa from smokers have reduced fertilizing capacity, and embryos display lower implantation rates (Soares and Melo, 2008) . Even in utero exposure to tobacco constituents leads to reduced sperm count in adult life . Recent male smoking is associated with significantly decreased live birth rates even after adjusting for confounders (Fuentes et al., 2010) . In vitro studies using cigarette smoke extract revealed suppression of sperm motility in a concentration-and time-dependent manner as well as an increased number of spermatozoa with low mitochondrial membrane potential (Calogero et al., 2009 ). In addition, cigarette smoke extract has detrimental effects on sperm chromatin condensation and apoptosis, inducing concentration-and time-dependent increases in the number of spermatozoa with phosphatidylserine externalization (an early apoptotic sign) and fragmented DNA (a late apoptotic sign) (Calogero et al., 2009) . Given the adverse effects of cigarette smoking by the male partner on assisted reproductive techniques and the transmission of smoking-induced sperm DNA alterations to preimplantation embryos, which may predispose offspring to a greater risk of malformations, cancer and genetic diseases, men seeking to become fathers should give up smoking.
Nicotine also has established adverse effects on fertility. It can cause sexual dysfunction due to arteriosclerotic changes in the vessels of the penis, and the consequent development of erectile failure. Nicotine can also worsen infertility due to other causes (the so-called 'co-factor effect') where smoking may exacerbate the action of a varicocele (Peng et al., 1990) .
Nutraceuticals
There are many claims that various nutraceuticals such as acetylcarnitine, zinc, folic acid, selenium, vitamins C and E and various antioxidants can improve sperm production and/or quality, primarily sperm motility, end-points that are all too often used as surrogates for actual fertility (Comhaire and Mahmoud, 2003; Showell et al., 2011) . Prospective, randomized, placebo-controlled trials, especially ones of sufficient size for confident interpretation of their results, are rare (Cavallini et al., 2004) .
Antioxidant therapy is often proposed, and dietary antioxidants might be beneficial in reducing sperm DNA damage, particularly high levels of DNA fragmentation, although their mechanism of action has not been established and most of the clinical studies are small (Zini and Al-Hathal, 2011; Zini et al., 2009) . While in vitro antioxidant supplements have been shown to protect sperm DNA from exogenous oxidants, effectiveness in protecting sperm from endogenous reactive oxygen species (ROS), sperm processing and cryopreservation has not been established. A recent Cochrane review concluded that antioxidant supplementation in subfertile males might improve the outcomes of live birth and pregnancy rate for subfertile couples undergoing ART cycles (Showell et al., 2011) .
Everyday products that can affect spermatozoa
Beyond the wide range of environmental and workplace substances, pharmaceutical and similar compounds that affect sperm production and sperm physiology in humans and other Eutheria, there are many other substances and products to which men are exposed within their everyday lives that can have similar effects, even to the extent of causing subfertility or even sterility.
Food and beverage containers and packaging materials
Much of our exposure to EDCs occurs through what we eat and drink-chemicals such as plasticizers can migrate from food or beverage packaging. Packaging can interact with the packaged food by diffusion/migration processes usually depending on the chemical properties of the food contact material, temperature during treatment and storage, exposure to UV light and storage time of the product (Muncke, 2009) . Even though food packaging contributes significantly to human EDC exposure, the role of food and beverage packaging as an additional source of EDC exposure received little attention until recently.
The use of bottled water in the world has doubled in the last 8 years (Ceretti et al., 2010) . The majority of mineral water brands (80%) are sold in plastic polyethylene terephthalate (PET) containers. To optimize the properties of packaging material, a variety of additives, such as stabilizers, antioxidants, coupling agents and pigments, are used in the formulation, e.g. di(2-ethylhexyl)phthalate (DEHP) is a plasticizer widely used in polyvinyl chloride (PVC) products as well as in PET products (ATDSR, 2002) . Although PET is a material characterized by elevated chemical inactivity, a number of studies indicate that different storage conditions (sunlight, temperature and duration of each) can contribute to the migration of chemicals from bottles to water (Pinto and Reali, 2009) . BPA is used extensively in many different types of food packaging (Muncke, 2009) , and BPAs and their derivatives with epoxy or chlorohydrin groups are known EDCs in humans and are also potentially carcinogenic (Poças and Hogg, 2007; Vandenberg et al., 2007; Sheng and Zhu, 2011) .
It has been reported that around 70% of overall consumer packaging consumption is used for food and beverage packaging. The majority of metal cans have polymeric coatings, while paper or carton packaging is often coated or laminated with plastics (Castle, 2007; Muncke, 2009 ). Plastic food packaging films are used for domestic purposes to wrap foods and also to reheat in a microwave (Inoue et al., 2001) . Food is a major exposure route for EDCs. Typical food contaminants include pesticides, dioxins, PCBs, PBDEs, methylmercury, lead and arsenic, which are well characterized in food, with relatively high international public and regulatory awareness (Muncke, 2009) .
Phthalates are a group of industrial chemicals with many commercial uses which include paints, personal care products and most commonly as plasticizers in medical devices and food packaging (ATDSR, 2002; Latini et al., 2006) . These plasticizers are not covalently bound to the plastic material and are consequently released into the environment with time and use (Latini et al., 2006) . Phthalates have substantial adverse effects upon reproductive health (Lambrot et al., 2009; Jobling et al., 2011) , including semen quality . The migration of plasticizers from plastics into food has been studied, in particular some phthalates, e.g. di(2-ethylhexyl)adipate (DEHA), which was found in foods wrapped in PVC film (Inoue et al., 2001) .
Cling wrap can quickly leach high amounts of p-nonylphenol into vegetable oil and thereby adversely affect the seminiferous tubules, sperm production and epididymides (Bornman et al., 1997; de Jager et al., 1999a) . Maternal exposure resulted in impaired general growth and male offspring had reduced testicular mass indicating a direct toxic effect on the testis in animals exposed to p-nonylphenol during fetal life, post-natal period and after weaning (de Jager et al., 1999b; McClusky et al., 2007) .
Personal hygiene and skin care products
Moisturizers contain substances designed to add or retain water, and often also to overcome friction. Typical combinations include small molecular weight alcohols such as glycerol or propylene glycol and/ or oils, which make them hyper-osmotic (Richardson and Sadleir, 1967; Critser et al., 1988; Gilmore et al., 1995; Katkov et al., 1998) . Many oils and alcohols are toxic to spermatozoa and, like soaps and detergents, permeabilize or dissolve the sperm plasma membrane (Ozgur et al., 1995; Otsuki et al., 2007; Morbeck et al., 2010) . Although spermatozoa are not exposed to these products during normal reproductive activities, exposure can occur when couples are either experiencing difficulty conceiving or are undergoing diagnosis or treatment for subfertility. The major concern is when these products are misused during intercourse by couples who are trying to conceive, and during semen collection for fertility evaluation or treatment (Mortimer, 1994; Björndahl et al., 2010; World Health Organization, 2010) .
Reproductive aids
Obviously, products intended for contraceptive purposes must be expected to have severe deleterious effects upon spermatozoa, and hence must be avoided by couples who are trying to conceive. However, this is not always clear, and confusion certainly exists in this area.
Spermotoxic products
Contraceptives designed to kill spermatozoa on contact generally contain detergents such as nonoxynol-9 that rupture or dissolve the sperm plasma membrane, leading to an immediate loss of sperm motility and subsequent sperm death. Such compounds are delivered typically either as condom lubricants or as contraceptive creams. Nonoxynol-9 (usually used at a concentration of 12.5%) can be present in a number of different forms such as a powder that lines the inside of a condom as well as a solution. At one time, such a solution was used to wash out the distal portion of the vas deferens after a vasectomy and thus attempt to reduce the time to azoospermia following this procedure. Unfortunately, nonoxynol-9 at higher concentrations produced inflammatory changes in the lower genital tract and the technique was abandoned (Donovan, 1995) .
It is not just the chemical toxicity of a substance that is deleterious to sperm survival and function but also the physical properties of the delivery environment. The most effective format for nonoxynol-9 as a contraceptive is as a foam, used either alone as an intravaginal contraceptive or in combination with either a diaphragm or female condom. The foam prevents spermatozoa from reaching the cervix, and the joint actions of the chemical and physical properties of this format give the combination a very good rating as a contraceptive. Even today when this substance is used both as a foam and in combination with an intravaginal barrier known as the 'Sponge' (Pharmatex or Protectaid in USA and Canada, and the 'Today Sponge' in the USA), it is as effective as the oral contraceptive which nowadays is considered the 'Gold Standard' in contraception. These nonoxynol-9-containing cream and foams are also marketed under the name of 'Delfen II' (Ortho Pharmaceutical Corporation, USA) where the generation of a foam is very much part of the product's contraceptive effect. Any substance that forms a foam in the presence of spermatozoa will be very deleterious to the normal function of those spermatozoa.
Lubricants/intimate moisturizers
This is a particularly interesting category of products that are specifically intended for use by couples who are trying to conceive and are suffering from vaginal dryness: clearly, great care must be taken to ensure that their formulations and manufacturing are 'sperm safe'.
Personal (or vaginal) lubricants are designed to overcome friction, and enhance the comfort of intercourse. Commercial water-soluble lubricants (even ones labelled as 'non-spermicidal') typically contain glycerol and/or propylene glycol, with most products having osmolality levels 5-10× the acceptable levels for normal sperm function (Begay et al., 2011; Vargas et al., 2011) ; elevated concentrations of glycerol have long been known to be spermotoxic (Richardson and Sadleir, 1967; Critser et al., 1988; Gilmore et al., 1995; Katkov et al., 1998) . Additionally, these products are often 'balanced' to the vaginal pH with average pH levels between 4 and 6, and therefore outside the functional range for sperm World Health Organization, 2010; Begay et al., 2011) . Preservatives used in these products can also include calcium chelators (EDTA or citric acid) which can alter sperm function. Even 'home remedies' such as baby oil, 'mineral oil' and canola oil are toxic to spermatozoa, e.g. by virtue of containing pro-oxidant by-products that can limit sperm function, or from oils interacting with lipophilic membrane constituents causing permeabilization or dissolution of the sperm plasma membrane (Ozgur et al., 1995; Otsuki et al., 2007; Lee and Choe, 2009; Morbeck et al., 2010) . It is clear from the literature that all such products should be considered suspect (e.g. Goldenburg and White, 1975; Tulandi and McInnes, 1984; Boyers et al., 1987; Frishman et al., 1992; Miller et al., 1994; Kutteh et al., 1996; Anderson et al., 1998; Agarwal et al., 2008a, b, c; Vargas et al., 2011) .
It must be emphasized that 'non-spermicidal' is a drug classification, meaning that a product does not contain a spermicidal drug-it has nothing to do with the sperm-safety of a product. It is of concern that many fertility professionals, including gynaecologists, are unaware of studies showing that 'non-spermicidal' lubricants actually harm spermatozoa.
Only the few 'intimate moisturizers' specifically intended for use by couples who are trying to conceive-and which have been specifically formulated to be compatible with spermatozoa and sperm function, and proven safe by rigorous validated testing procedures, can be considered as 'sperm-safe', e.g. Pre Seed (INGfertility, Spokane, WA, USA; www.preseed.com).
Ultrasound gels
Vaginal ultrasound examination is commonly used to monitor follicle development in subfertile couples before intercourse or insemination. However, the gels used to 'couple' the ultrasound probe with the vaginal wall are known to be spermotoxic (Shimonovitz et al., 1994; Vargas et al., 2011) , and clearly should either be used with great care for transvaginal procedures in fertility patients, or alternative products found and used.
External physico-chemical factors
Although external physical and chemical factors are not 'products' that can affect sperm production or come into contact with spermatozoa, their abilities to adversely affect sperm production and/or function make it important that their effects are recognized, especially in regard to designing physiologically appropriate studies and avoiding artefacts.
Temperature and spermatozoa
All textbooks and laboratory guides for semen analysis stress the importance of keeping the ejaculate as close to body temperature as possible during its transport to the laboratory, and the great majority recommend incubating the ejaculate at 378C to ensure efficient liquefaction (since it is an enzyme-driven process) (Mortimer, 1994; World Health Organization, 2010) . Exposure of spermatozoa in semen to elevated temperatures greatly reduces their survival, in terms of both motility and vitality, (Makler et al., 1981) , exposure to cold, e.g. 48C, causes a loss of motility but not of vitality (Appel and Evans, 1977; Makler et al., 1981) .
There is also the phenomenon of 'cold shock', which is due to a combination of irreversible changes in plasma membrane phospholipids and ionic imbalances as a result of reduced enzyme activity, notably calcium loading of the spermatozoa. Lipids can exist in either an ordered 'gel' state or a less-ordered (more flexible) 'fluid' state, with the transition between these states occurring over particular temperature ranges, which in turn depend on the particular fatty acid composition of the membrane. This latter aspect is why cold shock affects the spermatozoa of some species (e.g. boar) more than others (e.g. bull). The 'melting point' of most membranes of mammalian cells is in the range 0-158C, but is not a 'snap' event, resulting in the co-existence of domains of phospholipids in both states, as a consequence of which the membrane undergoes conformational changes that lead to functional changes (White, 1993; Watson, 2000; Sieme et al., 2008; Björndahl et al., 2010) .
For the above reasons, semen samples to be used for any type of study must be protected from exposure to temperatures outside the physiological range not just during their transport to the laboratory, but also during their handling, analysis and clinical use.
Temperature and the testis/epididymis
While there are no established adverse effects of cold upon the testis or epididymis until exposure causes frostbite, heating has long been known to have massive impacts on spermatogenesis and spermiogenesis via cryptorchidism. Applying heat to the scrotum reduces both sperm number and quality (Goldstein and Eid, 1989) and applying heat to the testis in experimental animals may even reduce the quality of an embryo at IVF (Mieusset et al., 1992) . Although it has been suggested for many years that tight underpants may raise testicular temperature and cause infertility (Brindley, 1982; Zorgniotti, 1982; Zorgniotti et al., 1982; Parazzini et al., 1995) , and hence that cooling the testes will restore fertility (Zorgniotti and Sealfon, 1984) , there is limited clinical evidence to support such therapy (Zorgniotti et al., 1986) . It has also been suggested that varicoceles cause infertility by increasing intratesticular temperature, and varicocele ligation does appear to lower testicular temperature (Hargreave, 1994b; Nieschlag et al., 2010b; Jequier, 2011) . Nevertheless, there is a huge number of men with large varicoceles who have normal semen analyses (Zargooshi, 2007) , so heat cannot be the only issue. Recently, concern has been expressed regarding the use of laptop computers, scrotal heating and reduced sperm counts, although at least part of the effect can be attributed to prolonged periods seated with ones legs close together (Sheynkin et al., 2011) a situation analogous to the established problem for long distance drivers (Bujan et al., 2000) .
Electromagnetic radiation
Visible light. Under normal physiological conditions, mammalian spermatozoa are not exposed to light in the visible part of the electromagnetic spectrum. Sensitivity of spermatozoa to visible light seems to vary between species, with human spermatozoa not showing any marked adverse effects during exposures of up to 24 h (Mann, 1964; Makler et al., 1980) .
Ultraviolet light.
Marked adverse effects of ultraviolet (UV) light on bull, ram and mouse spermatozoa have been known for almost 50 years, based on the intracellular generation of ROS, but human spermatozoa were thought to be resistant to similar doses of irradiation within this part of the spectrum, at least in terms of their motility and vitality (Makler et al., 1980) . However, UV (254 nm) irradiation of human spermatozoa caused decreases in sperm motility, progressive motility (including important kinematic measures), sperm vitality and, concomitantly, an increase in the level of lipid peroxidation of the sperm membranes (Torres et al., 2010) . Specific information on possible risks to the sperm chromatin as a result of UV irradiation is as yet unavailable.
X-rays. It has long been known that exposure of the testes to even relatively small doses of X-rays results in sterility due to the extreme sensitivity of the seminiferous epithelium to such radiation, causing complete breakdown of spermatogenesis (MacLeod et al., 1964; Mann, 1964 ). Doses as low as 1-6 Gy can cause reductions in sperm count (Rowley et al., 1974) , and 15 Gy (the dose used to treat carcinoma-in situ of the testis) induces azoospermia. However, irradiation of mature ejaculated spermatozoa has usually little or no effect on their motility, vitality, survival or metabolism, but this does not mean that their fertilizing ability, or capacity to generate a competent embryo might not be compromised due to damage to the sperm chromatin (Mann, 1964) . Studies on human sperm motility in vitro following X-ray irradiation cannot be taken as evidence that X-rays are not harmful to spermatozoa (Makler et al., 1980) . Sperm DNA fragmentation as revealed by the Comet assay shows a positive relationship with increasing X-ray exposure over the range 0-2 Gy (Singh et al., 2003) .
Radio frequencies.
A deleterious effect of high-frequency radio waves on human spermatozoa in vitro was first described more than 30 years ago (Makler et al., 1980) but has been of increasing concern over the past few years, since it was confirmed that electromagnetic radiation (EMR) emitted by mobile cellular phones (Agarwal et al., 2008a, b, c) , and more recently, wi-fi network signals (Avendaño et al., 2012) can affect semen analysis characteristics. A wide body of evidence now exists showing negative effects of exposure to EMR within this part of the spectrum on human health (Makker et al., 2009 ). The pathophysiological basis for the adverse effects on spermatozoa has been elucidated as being EMR-induced increased mitochondrial ROS generation causing decreases in both sperm motility and vitality, while stimulating DNA base adduct formation leading, ultimately, to DNA fragmentation (De Iuliis et al., 2009) . Notwithstanding the published evidence, the actual extent to which real-world cellular phone usage impacts the health or fertility potential of any given man remains elusive-but it certainly remains a cause for concern.
Whole body scanners. Magnetic resonance imaging scanners have been considered not to affect spermatogenesis, based on data from mouse (Withers et al., 1985) . There has also been no concern regarding risk to the testes or spermatozoa from computerized axial tomography (CAT or CT scans). However, concerns have been raised regarding the new 'whole body scanners' now being used in airport security screening, which employ whole body X-ray back scatter imaging. While they operate at relatively low beam energies (28 keV), the majority of the energy is delivered to the skin and the underlying tissue, and hence because of the proximity of the testes to the skin, there is considered to be a risk of sperm mutagenesis (Sedat et al., 2010) .
Osmolarity
Although the osmolarity of prostatic fluid is generally very similar to blood serum, i.e. between 280 and 300 mOsm, the osmolarity of human seminal plasma is generally accepted to be higher than normal body fluids, and increases with time after ejaculation due to liquefaction, so that by 30 -60 min at 378C, the typical range is 340-380 mOsm (Velázquez et al., 1977; Gopalkrishnan et al., 1989; Rossato et al., 2002) . Exposure to values above 400 mOsm decreases normal sperm function, with a complete cessation of motility .600 mOsm (Rossato et al., 2002) . Conditions of 600 mOsm have also been reported to cause reorganization of the actin cytoskeleton in primate spermatozoa inducing sub-lethal flagellar defects (Correa et al., 2007) . As noted already, many commercial vaginal lubricants exceed 400 mOsm. While spermatozoa are apparently readily able to adapt to mild hypertonic conditions (e.g. as in liquefied semen), exposure to hypotonic conditions causes them to take up water and swell, with only sperm showing good metabolic function being able to osmoregulate and survive the swelling (Jeyendran et al., 1984) . This osmoregulatory function depends on aquaporins in the sperm plasma membrane, although the exact mechanisms involved remains the subject of current research (Yeung et al., 2010) . More extreme stress, or poor osmoregulatory ability results in swelling until the sperm plasma membrane ruptures, killing the cell. It is clearly therefore essential that spermatozoa must be maintained within the usual physiological range of osmotic pressure if their function is to be maintained and protected.
Acidity/alkalinity (pH)
Human seminal plasma has a considerable buffering capacity and the pH of human semen is generally accepted as being within the range of 7.2-8.2, although semen pH does tend to increase with time after ejaculation (at least within periods consistent with nondeleterious exposure of spermatozoa to seminal plasma), so that semen pH values of 8.4 are not uncommon. Inflammatory disorders of the prostate or seminal vesicles can result in pH values outside this range. On the whole, human spermatozoa in seminal plasma tolerate elevated (alkaline) pH very well, but are highly sensitive to acidic pH and are killed rapidly when the pH is below 6.8, such as can be experienced within the vaginal milieu following intercourse or pericervical artificial insemination (Mortimer, 1994) .
Washed human spermatozoa in culture media are also killed rapidly by acidic pH below 6.8. However, when incubated under capacitating conditions, more spermatozoa undergo ARs when exposed to sulphate ions at pH 6.8 compared with the generally accepted physiological pH range of 7.2-7.4, and elevated levels of ARs are also induced at pH ≥ 8.0 (Mortimer, 1995a) . Consequently, it is vital that when spermatozoa are being incubated under capacitating conditions, all necessary steps are taken to prevent the pH of the medium exceeding the physiological range of 7.2 -7.4. The pH can rise above 7.4 very quickly when a bicarbonate-buffered medium is exposed to room air for more than a few minutes, although the exact critical time will depend on the geometry of the specimen and its interface with the air, which will control the rate of loss of the dissolved CO 2 from the medium (Swain, 2012) . For this reason, density gradients to be used for separating spermatozoa from seminal plasma must be prepared in zwitterion-buffered culture media, usually buffered with HEPES, sometimes MOPS (Mortimer, 2000a; .
Culture media for assisted conception procedures
Products intended for use in assisted reproductive technology (ART) applications such as sperm washing for IUI, IVF or ICSI are typically tested using in vitro assays of sperm motility and survival, but often not for specific sperm functional potential in terms of fertilizing ability. Two scenarios of concern exist: (i) the use of culture media that were not developed or intended for use in therapeutic procedures where sperm function has to be at least maintained, if not promoted; and (ii) media intended for ART applications, but which are sub-optimal in their formulations in respect of supporting sperm function.
Sub-optimal ART media formulations. The great majority of human ART media have been, and continue to be, developed based on efforts to optimize the in vitro development of in vivo generated mouse zygotes (Mortimer, 2013) . While such work typically gives benefit for human embryo development in vitro, there have been several occasions where new products intended for the IVF step have had to be withdrawn/reformulated. Many culture media formulated for somatic cells have been used in human ART, although-in retrospect, and compared with more modern formulations-with not necessarily optimum outcomes. For example, Edwards failed to achieve human fertilization in vitro until he used Bavister's modified Tyrode's medium (Edwards et al., 1969; Edwards and Steptoe, 1980) . More recently, Earle's balanced salt solution, a medium that has been used in human IVF since the earliest days, was demonstrated to be significantly less effective at capacitating human spermatozoa than a medium based on the composition of human oviduct fluid intended for human IVF (Moseley et al., 2005) .
Sperm capacitation requires the presence of serum albumin (usually human serum albumin, HSA) as a sterol acceptor, and low HSA levels can impair capacitation, especially in subfertile men. In vivo, the protein content of oviductal fluid around the time of ovulation/fertilization is 30 mg/ml, and such a concentration provides excellent support for sperm function studies in vitro in a medium formulated to reflect oviduct fluid composition (Mortimer, 1986) . Lower albumin concentrations decrease sperm capacitation in vitro and hence diminish the ability of spermatozoa to undergo the AR (Mortimer et al., 1989) . Reducing the HSA concentration to 10 mg/ml provides adequate support for sperm capacitation in most men within current IVF lab protocols, but 5 mg/ml can lead to an increased prevalence of both low fertilization (,25% inseminated oocytes being fertilized) and failed fertilization at IVF (Mortimer, 2013) .
Unphysiological ionic constituents or balances. Spermatozoa can be exposed to these conditions when a non-physiological solution or medium is used to resuspend washed spermatozoa, either following density gradient centrifugation or swim-up migration. Unphysiological ionic balances, especially due to missing essential ions such as calcium or bicarbonate, and/or a metabolic substrate such as glucose, can have rapid, marked adverse impacts on sperm physiology that will result in deleterious effects on not just in vitro studies of sperm metabolism, motility, vitality or the component processes of fertilizing ability, such as capacitation or the AR, but also their subsequent functional potential if employed in ART treatments (Mortimer, 2013) . For such reasons, solutions such as 'normal' saline or phosphate-buffered saline are not appropriate for any clinical application or studies on human sperm physiology or functional competence in vitro. Similarly, media developed for somatic cells that include substances that can cause harm to spermatozoa, e.g. through promoting ROS generation (e.g. Ham's F10 medium which contains iron, see Gomez and Aitken, 1996) .
Reactive oxygen species
It has been known for three decades that Eutherian spermatozoa generate ROS, primarily in the mitochondria as a result of the monovalent reduction of molecular oxygen during oxidative phosphorylation Holland et al., 1982) . Because the sperm plasma membrane has a relatively high content of polyunsaturated fatty acids (PUFAs), they are particularly susceptible to lipid peroxidation by ROS (Alvarez and Storey, 1995) . Docosahexanoic acid is one of the main PUFAs, and plays an important role in regulating sperm membrane fluidity; it is also the main substrate for lipid peroxidation (Alvarez and Storey, 1995) . Oxidation of docosahexanoic acid is the major factor that determines the motile lifespan of spermatozoa in vitro (Aitken and Clarkson, 1987) , as well as membrane damage and DNA oxidation (Fraga et al., 1991 (Fraga et al., , 1996 .
In semen, most ROS are produced by immature spermatozoa and leucocytes, with the ROS generation capacity of activated leucocytes being several orders of magnitude greater than immature spermatozoa. However, immature spermatozoa may produce comparable levels of ROS in the presence of pro-inflammatory factors (Saleh et al., 2002) . In vivo, epithelial cells of the epididymis can also generate ROS (Drevet, 2006) . The cumulative effect of ROS derived from all sources is negatively correlated with normal sperm function, and directly correlated with male subfertility Agarwal et al., 2008a, b, c) . ROS in human semen can be assayed quantitatively using luminol as a substrate .
The crucial role of ROS in the aetiology of human subfertility is a major area of research, with major reviews being published regularly (e.g. Agarwal et al., 2008a, b, c; Henkel, 2011) . Antioxidants can be efficacious both systemically (Kefer et al., 2009; Ross et al., 2010; Gharagozloo and Aitken, 2011; Showell et al., 2011) , and in vitro when added to culture media (Donnelly et al., 2000; Chi et al., 2008) and sperm cryopreservation media (Taylor et al., 2009; Gadea et al., 2011) .
Endotoxin
Endotoxins are lipopolysaccharide (LPS) or lipooligosaccharide molecules found in the outer membrane of various Gram-negative bacteria and are an important component of the ability of these bacteria to cause disease. LPS consists of a polysaccharide chain (which is highly variable between different bacterial species) and a lipid moiety, lipid A, which is mainly responsible for the toxic effects, although sperm death can also be caused by a caspase-mediated apoptotic-like effect (Hakimi et al., 2006) . Exposure of spermatozoa to LPS induces excessive production of ROS, which have downstream adverse effects on sperm motility (Urata et al., 2001) . In vivo this is a sequela of genitourinary infection (Sikka et al., 2001) , but can also occur in vitro when culture media or other products to which spermatozoa are exposed contain endotoxins. Sterile manufacture or subsequent sterilization of a product does not preclude endotoxin contamination. For obvious reasons, ensuring low endotoxin contamination is a fundamental, essential requirement for all products intended either for use in couples who are trying to conceive or for the manipulation of spermatozoa during ART procedures.
Manufacturing and storage conditions
Products that are designed to come into direct contact with spermatozoa might be 'safe' when used in a research setting but might be modified or contaminated during large-scale manufacturing. A bovine sperm motility assay has been used to screen biomaterials (Petzoldt et al., 1985) . Plastics, used in production equipment and packaging, are especially prone to release of potentially spermotoxic compounds upon heating, wear and light exposure. PVC is among the most notorious of plastics in this respect since it can leach phthalates, and is used extensively in 'medical grade' tubing. Polycarbonate is used in drinking bottles and other uses, and leaches BPA. Therefore, the design and components of equipment used for production and packaging of sperm-safe products must be carefully chosen and tested to avoid inadvertent spermotoxic contamination of the final product.
Regulatory aspects of reproductive toxicology

Approval processes
The standard approach to regulating toxic compounds such as EDCs is based on hazard assessment and risk assessment. Toxicology testing protocols currently used by regulatory authorities are able to detect endocrine toxicity, and modes of action such as estrogenic or antiandrogenic are then confirmed using specific endocrine toxicology tests (Marx-Stoelting et al., 2011) .
Hazard assessments to support the registration and safe human use of a particular type of chemical begins with necessary mammalian toxicology testing as per international consensus (Bars et al., 2012) . These studies usually include: acute single high-dose exposures; chronic toxicity studies in rodents and non-rodents based on repeated dosing for up to 12 months; tests for carcinogenicity in two species of rodent; multi-generation reproductive toxicology; teratogenicity studies in two species; in vitro and in vivo genotoxicity studies; and further studies as might be required for each particular substance, e.g. testing for neurotoxicity, or evaluation of endocrine effects such as estrogenicity (Kortenkamp et al., 2012) .
Regulatory bodies create specific guidelines that define the data required to support the registration of a chemical. The United States Environmental Protection Agency (US EPA) Office of Chemical Safety and Pollution Prevention (OCSPP), previously the Office of Prevention, Pesticides and Toxic Substances (OPPTS), regulates agrochemicals, public health pesticides and large-scale industrial chemicals. The OCSPP provides harmonized guidelines and other documents that specify EPA-recommended protocols to ensure that data meet the required quality standard (see http://www.epa.gov/ocspp/ pubs/frs/home/guidelin.htm). Other international regulatory agencies such as the Organization for Economic Cooperation and Development (OECD) have produced similar guidelines and standardized toxicology testing protocols that specify the benchmark for designing acceptable toxicity testing data (see www.oecd.org on 'reproductive toxicity'). Protocols such as these include specific recommendations on selecting dosage levels (usually expressed as mg/kg body weight/day), test species, number and gender composition of treatment groups, exposure route and frequency, in vivo assessments (clinical observations, body weight, food consumption), haematology and blood chemistry, urine analysis, macroscopic anatomical findings and microscopic histopathology at necropsy. Repeat dose toxicity studies, ranging from sub-acute to chronic exposures, can reveal endocrine toxicity through organ weights, anatomy and histopathology, although standard protocols do not include hormone evaluations.
The route of exposure employed in regulatory toxicity tests must be relevant to how humans might be expected to be exposed. For chemicals, the majority of tests employ the oral route, with further testing following dermal or inhalational exposure as appropriate (BfR, 2011) . Some extrapolation between routes of exposure in terms of general systemic toxicity is possible, but significant human exposure to a chemical by a route other than oral necessitates specific testing using that route (Bars et al., 2012) . Because toxicity depends on total dose over time, valid regulatory testing requires exposure to the maximum tolerated dose (MTD), making appropriate selection of dosing levels an important factor in study design (Harvey and Everett, 2006) .
Regulatory endocrine toxicity tests
Based on the US Food Quality Protection Act, which specifically identified the risk that EDCs pose to human health, the US EPA has introduced a programme of additional endocrine toxicity testing. The Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC) provides recommendations on identifying the endocrinedisrupting effects of chemicals (study designs, end-points, validation and data interpretation: see http://epa.gov/endo/pubs/edspoverview/ edstac.htm), and various protocols are now undergoing validation. The EDSTAC recommended two-tier testing process has been designed to combine both environmental effects and mammalian testing that can i14 be extrapolated to human safety. It will also provide a framework for expanding toxicology databases to include the many thousands of chemicals that come under the US EPA's regulatory remit (Harvey and Everett, 2006) .
Risk assessment
Assessment of a new chemical entity should involve a complete toxicology package comprising acute, sub-acute, sub-chronic and chronic toxicity studies in rodents and other mammals, together with carcinogenicity, repro-and genotoxicity studies (ECETOC, 2009) . Data are submitted to a regulatory agency (e.g. US EPA) for evaluation and determination of risk assessments that include: critical toxicity; the 'no-observed-adverse-effect-level' (NOAEL: 'the greatest concentration or amount of a substance, found by experiment or observation, which causes no detectable adverse alteration of morphology, functional capacity, growth, development, or life span of the target organism under defined conditions of exposure'); and the 'lowest-observed-effect level' (LOEL: 'the lowest concentration or amount of a substance, found by experiment or observation, that causes any alteration in morphology, functional capacity, growth, development, or life span of target organisms distinguishable from normal/control organisms of the same species and strain under the same defined conditions of exposure') in each test species (Marx-Stoelting et al., 2011; Bars et al., 2012; Kortenkamp et al., 2012) .
The NOAEL dose (in mg/kg/day) can be extrapolated to define the acceptable daily intake (ADI) for human exposure. For nonpharmaceuticals, a 100-fold safety factor is employed by convention, based on two 10-fold factors, one for the extrapolation from animal data to humans, and another to compensate for variability in human sensitivity. Maximum residue limits are set independently, monitored in all representative foodstuffs, and total exposure to residues in food should not exceed the ADI. For agrochemicals, the WHO and the United Nations Food and Agriculture Organization operate the Joint Meeting on Pesticide Residues (WHO-FAO JMPR) to assess toxicology data and confirm ADI levels. This is very useful worldwide since many countries lack comparable regulatory resources (Harvey and Everett, 2006) .
Device or drug?
One interesting aspect when considering products that are intended for human exposure is whether they should considered (and hence dealt with from a regulatory perspective) as devices or drugs. While pharmaceuticals are considered to achieve their principal action by pharmacological, metabolic or immunological means, medical devices act by other modes of action such as physical, mechanical, physico-chemical or chemical means.
There is no single, precise definition, of a 'drug' as different meanings have been created within law (e.g. drug control law), government regulations, medicine and even colloquial usage. In pharmacology, a drug is 'a chemical substance used in the treatment, cure, prevention, or diagnosis of disease or used to otherwise enhance physical or mental well-being' (http://dictionary.reference.com, accessed 14 February 2013). Moreover, a drug can be a natural bodily product that has been extracted with or without purification, or manufactured externally and then administered for medical purposes, e.g. insulin. In regulatory considerations, a substance is typically considered to be a 'drug' if it alters normal bodily-or, by extension, cellular-function. One substance of particular interest in this regard for sperm physiology is hyaluronate, a.k.a. hyaluronic acid or hyaluronan, which does interact with spermatozoa at the cellular level.
Of particular concern in the present context is when a drug is used 'off-label', i.e. for a purpose or indication (or at a dose) other than for which it has received regulatory approval-and hence often in an area for which, in all likelihood, no safety or side-effect data have been established through controlled clinical trials.
How are substances identified as hazardous?
Based on historical experience of adverse effects upon human reproductive health, a case could be made from the public health perspective that any substance released (either intentionally or unintentionally) into the environment, encountered in the workplace or home, used as a food additive or as part of a personal hygiene or cosmetic product should be tested for possible gonadotoxic, mutagenic, teratogenic or spermotoxic actions. However, it has not been possible for every known substance to be tested in advance. For the future, the financial burden of such testing must be weighed against the possible cost of clean-ups, reparations and even punitive damages should a substance affect either human (reproductive) health at the population level or the fertility of individual couples (e.g. via class action suits).
Cost-effective comprehensive screening methods will be required to protect future human reproductive health and fertility, and while such protocols largely exist for gonadotoxicity, mutagenicity and teratogenicity, such is not the case for evaluating possible spermotoxicity, especially in the rapidly growing markets for personal hygiene or cosmetic products (MarketResearch.com, 2011).
Lists of constituents
There are thousands of chemicals with known EDC and/or toxic effects. When considering a product, a complete list of its components must be known and, for any component known to have spermotoxic activity, its concentration must also be known. Clearly, this means all constituents, not just the perceived 'active' component(s), need to be known-and also their metabolites and breakdown products, since these could be more harmful than the actual constituent chemical. Several issues can confound the identification or understanding of potentially dangerous constituents.
Nomenclature
To avoid confusion, both inadvertent and intentional, arising from the multiple names for chemicals, agreement on the use of specific chemical nomenclature rather than 'trivial' names is needed. One eloquent example of how different chemical nomenclature systems actually confound understanding is phenoxyethanol, a constituent of some 'personal moisturizer' products. But the same compound is also known as 'spermicide 741' (see: www.chemindustry.com/chemicals/0599140. html, accessed 14 February 2013) and ethylene glycol monomethyl ether (EGME, see www.caslab.com/2-Phenoxyethanol_Ethylene_ glycol_monophenyl_ether_CAS_122-99-6/, accessed 14 February 2013), when it is readily recognized as having significant toxicity to humans, including suspicions of reduced sperm counts, and affecting female offspring in future generations (Dart et al., 2003; Cherry et al., 2008; Weng et al., 2010) .
Same chemical, different purpose
Confusion can also arise when a chemical is used for different purposes in different products. In one situation, the chemical might have a specific property that requires its use, while in another situation, it can be deleterious, a good example being glycerol. While glycerol is a vital component of sperm freezing media, being an excellent permeating cryoprotectant agent for spermatozoa, it is also known to have deleterious effects upon sperm membranes and also on sperm survival and longevity during prolonged exposure under physiological conditions, both in vivo and in vitro (Richardson and Sadleir, 1967; Critser et al., 1988; Gilmore et al., 1995; Katkov et al., 1998) . Hence glycerol really should not be included in creams or lubricants to which spermatozoa are exposed, especially if they might be used by couples who are trying to conceive.
'Generally regarded as safe'
In the absence of specific information as to a chemical's safety for use with spermatozoa, all too often assumptions of presumed safety are made on the basis of whether a chemical is 'generally regarded as safe' ('GRAS'), e.g. presuming glycerol to be a safe component of a vaginal lubricant on the grounds that (i) it is a commonly used in skin creams and other lotions, and (ii) it is used in sperm freezing media. This non sequitur has already been discussed, above.
Testing on both prototypes and production products
There is a possibility that, during product development, a chemical is found not to have a significant adverse effect upon sperm function, but when the final production version of the product is formulated, the same chemical might now be a cause of sperm dysfunction. This could arise from a change in the final formulation, where by another component has been added that now allows the expression of an adverse effect, or perhaps a change in the source or type of the original chemical so that it is now of a different purity, or has other minor constituents or contaminants. An example of the latter, a highly purified form of hyaluronic acid might be used in research that leads to the development of a product, but when a commercial version goes into production a cheaper form is used, many of which contain quite high levels of other glycosaminoglycans such as chondroitin sulphates, which can induce artefactual ARs (Mortimer, 1995a) .
Break-down products
These could be the result of chemical modifications to one or more constituents due to improper storage in terms of mishandling, exposure to air or heat or the age of product. While a manufacturer should not be held responsible for adverse effects that might arise under such circumstances, appropriate warnings should be stated. When developing a product, an optimum formulation should take such eventualities into account, and endeavour to minimize such possibilities.
Assessing male reproductive capacity
Toxicants can affect the male reproductive system at a single site or at multiple sites, including the testes, the accessory sex glands and the central nervous system, including the neuroendocrine system (Table I) . There is no single all-encompassing marker of reproductive capacity in men. Three methodologies with the greatest promise are experimental toxicology, epidemiology and genetic toxicity (Moline et al., 2000) , although integrating information from all three will lead to the broadest understanding of impacts on human health (Woodruff, 2011) .
Experimental toxicology
Animal toxicity studies conducted for regulatory submission typically are conducted in rats, mice, rabbits and dogs with greater focus on rats; observations can be extended across a wide range of exposures in animals, using any route of exposure and any specified dose versus time scenario (Moline et al., 2000) . Testing guidelines generally require that common laboratory strains be used and employ at least three dose groups and a control group usually. For most toxicity tests, the US EPA requires that the highest dose elicit signs of toxicity without compromising survival.
Reproductive and developmental toxicity testing includes a broader category of end-points than other kinds of toxicity testing because of the multiple stages of exposure and the variability of possible effects. Exposure of sexually mature animals can cause sterility or decreased fertility by depleting or affecting oocytes or spermatozoa, or by affecting endocrine functions of reproductive organs. If fertilization occurs, abnormalities in the gametes can lead to embryonic death, implantation failure, congenital malformations, embryonic growth retardation, genetic disease or cancer in the offspring (National Research Council, 2006) .
A rodent model is most commonly used for the study of reproductive and developmental toxicity (Wyrobek et al., 1983a; Claudio et al., 1999) . For toxicology data derived from animal studies to be used advantageously in risk assessment, it is critical to identify and understand species-specific differences in physiology and metabolism that might affect the response to the particular toxicant. The genetic homogeneity of laboratory rodents is advantageous by excluding potential confounding factors, but it can confound the study of susceptible subpopulations unless different strains are studied. Nevertheless, studies in rodents are valuable for hazard identification and determining dose-response and critical thresholds for fertility, and are often useful surrogates for human studies, such as in investigating relationships between sperm-based end-points and function/fertility (Chapin et al., 1997) .
The mouse sperm morphology test is highly sensitive to germ-cell mutagens and has potential use for identifying chemicals that induce spermatogenic dysfunction, and also perhaps heritable mutations. A comparison of 25 test chemicals on sperm counts, motility and morphology in at least two species (including man, mouse and nine other mammals) demonstrated good agreement in response among species (Wyrobek et al., 1983a) .
Notwithstanding the development of new specific test guidelines for endocrine effects, the existing repertoire of OECD test guidelines will identify likely endocrine effects pertinent to human health with reasonable certainty through: † multiple dose testing on endocrine-related tissues ranging from subacute to chronic exposure (e.g. OECD test guideline 407, 409, 451 and 452); † prenatal toxicity testing in rat or rabbit (OECD test guideline 414) that can reveal disturbances in the development of reproductive organs;
i16 † OECD-SIDS screening tests (e.g. OECD test guideline 421 and 422) investigating endocrine-related tissues specifically designed to detect reproductive effects after relatively short exposure times; and † one-and two-generation tests (OECD test guideline 415 and 416) which-especially the latter-constitute the most comprehensive investigation of endocrine-related tissues and reproductive function (Gelbke et al., 2004) .
Detecting a treatment that causes a statistically significant alteration in sperm production depends on several factors, including the size of the treatment response, the inherent variability in the end-point of interest among normal, untreated males and the number of replicate animals per treatment group (Berndtson, 2008) . After determining that a substance is toxic to the male reproductive system, further investigation must examine its mechanism(s) of toxicity. Mechanistic information permits predictions regarding the potential toxicity of individual compounds or complex mixtures in humans, better understanding of the windows of vulnerability in the development of the male reproductive system and for the development of possible preventive or curative measures.
Acute short-term exposure models combined with serial exposure models give a complete picture of the range of effects (Claudio et al., 1999) . Exposing animals over a long period of time allows for the detection of transgenerational effects from chemicals, such as malemediated developmental effects. Multi-generation studies, in particular continuous breeding studies, yield the most thorough assessment of the many complex processes that result in reproductive and developmental toxicity (Moline et al., 2000) . Exposure at a critical window of embryonic development can also establish a transgenerational epigenetic effect from a single exposure, as has been shown for the fungicide vinclosolin (Anway et al., 2005 (Anway et al., , 2006 , Dioxin (Mannikam et al., 2012a) and a mixture of the pyrethroid pesticide Permethrin and the common insect repellent DEET (Manikkam et al., 2012b) .
Depending on the nature and purpose of a particular product, other tests of biocompatibility might also be necessary for it to be considered safe for its intended use. For example, it is not only spermatozoa that can be affected by a vaginal lubricant, but also the vagina, the penis and even non-genital skin. Consequently, evidence of all appropriate aspects of biocompatibility must be obtained, using established validated methods such as the rabbit vaginal and penile irritation assays, in accordance with relevant regulatory authorities' requirements (International Organization for Standardization, 2010). For example, a mucosal irritation test using slugs has been shown to be more sensitive than the rabbit vaginal irritation model in predicting the vaginal toxicity caused by compounds such as nonoxynol-9 (Dhondt et al., 2004) .
Epidemiological approaches
Epidemiological methods for assessing the impact of hazardous substances on male reproductive health include questionnaires to determine reproductive history and sexual function, reproductive hormone profiles and semen analysis (Buck et al., 2004; Tingen et al., 2004) . Selection of appropriate methodologies for studying reproductive toxicants requires knowledge of key factors including the nature of the exposed population, the source, levels and known routes of exposure, the organ systems in which a toxicant exerts its actions, the hypothesized mechanisms of a toxicant's actions and the techniques available to assess the toxicity in the relevant organ systems (Wyrobek et al., 1997) .
To establish the extent of testicular toxicity, researchers can measure the size of the testes, analyze semen samples or take testicular biopsies, but basic semen analysis-subject to careful standardization and quality control-has been the primary research tool for studying the effects of toxicants on the male reproductive system (Wyrobek et al., 1983b; Cohn et al., 2002; Brazil et al., 2004a, b) . Semen quality has been used as a surrogate for fertility in epidemiological studies (Slama et al., 2004; Olshan et al., 2007; Jurewicz et al., 2009; Merzenich et al., 2010) . Rather than longitudinal studies that require multiple semen samples, cross-sectional epidemiological investigations using a single semen sample from each participant have been shown to be sufficient if obtained under defined conditions and according to a set protocol (Schrader et al., 1991; Stokes-Riner et al., 2007) .
A toxicant or its metabolite may act directly on accessory sex glands, altering the quantity or quality of their secretions, or it can enter the seminal plasma and affect the spermatozoa, or it can be carried to the site of fertilization by the spermatozoa and affect the oocyte or embryo. The presence of toxicants or their metabolites in seminal plasma can be analyzed using atomic absorption spectrophotometry or gas chromatography/mass spectrometry (Moline et al., 2000) .
To establish the extent of endocrine dysfunction, hormone levels can be measured in blood and urine. The NIOSH-recommended profile for evaluating endocrine dysfunction associated with reproductive toxicity includes serum concentrations of FSH, LH, testosterone and prolactin. Other indicators of central nervous system toxicity include alterations in sexual function, including libido, erection and ejaculation, although literature on occupational exposures causing sexual dysfunction in men is limited because such outcomes are difficult to assess due to a lack of objective measures and because sexual dysfunction can be attributed to, and affected by, psychological or physiological factors (Schrader, 1997) .
Genetic toxicity
Genetics of male infertility
While certain cytogenetic abnormalities have long been known to cause male infertility (Martin, 2008) , half of male infertility cases are of unknown aetiology. A recent review by McLachlan and O'Bryan (2010) summarized current knowledge as: † Chromosomal anomalies are found in 7% of men with idiopathic spermatogenic failure: mainly numerical or structural anomalies in cases of azoospermia and translocations/inversions in oligozoospermia. † Microdeletions in the azoospermia factor (AZF) region of the long arm of the Y chromosome (Yq) are the most common genetic cause of male infertility, with a prevalence of 4% of men with ,5 million sperm/ml. AZFc Yq deletions are the most common and result in low sperm production; AZFa or AZFb + c deletions usually result in failure of sperm production (no spermatozoa seen in testicular biopsies). † Mutations of the cystic fibrosis transmembrane receptor gene lead to congenital absence of the vasa deferentia (CBAVD), causing azoospermia.
Until recently, the main technologies for examining chromosomal abnormalities in spermatozoa were sperm karyotype analysis and fluorescent in situ hybridization (FISH) (Moosani et al., 1995; Moline et al., 2000; Carrell, 2008; Martin, 2008) . However, these techniques have recently been superseded by micro-array-based techniques to measure the genetic impact of environmental factors, e.g. through analysis of gene expression during spermatogenesis (Roy Choudhury et al., 2010) and genome-wide association studies of candidate genes and their polymorphisms for male fertility traits (Kosova et al., 2012; Aston and Conrad, 2013) . These assays provide promising and sensitive approaches for investigating germinal and potentially heritable effects of exposures to exogenous substances, and for confirming epidemiological observations on smaller numbers of individuals.
Sperm function: physiology, regulation and factors affecting it Table III summarizes the location and possible methods for evaluating the various component processes leading to conception that involve sperm production and sperm function.
Sperm production
Spermatogenesis takes place in the germ-line cells that are embedded in the Sertoli cells of the seminiferous epithelium, which lines the seminiferous tubules of the testis. This epithelium is formed by Sertoli cells which embrace and interact with the differentiating germ cells (Clermont, 1966; Hermo et al., 2010a; Phillips et al., 2010; Oatley and Brinster, 2012) . The entire process of spermatogenesis, which includes spermiogenesis, the differentiation of the round spermatid into a 'testicular spermatozoon' (de Kretser, 1969; Hermo et al., 2010b, c) , takes 70 days to complete in man, and culminates in the release of the differentiated spermatozoa from the seminiferous epithelium or 'spermiation'. These 'testicular spermatozoa' are not yet fully mature and must spend some 12-14 days undergoing maturation and then storage within the epididymis, although this can be shorter under some circumstances (Amann and Howards, 1980) . Sperm maturation occurs in the head and body regions of the epididymis (caput epididymidis and corpus epididymidis, respectively), while sperm storage is in the tail of the epididymis (cauda epididymidis), a function that is shared with the 'convoluted' region of the vas deferens in men (Bedford, 1994; Jones, 1999) . Epididymal sperm storage is not a very efficient process, especially in men, and spermatozoa become senescent after a relatively small number of days (although this can vary between individuals). Consequently, unless ejaculation occurs every few days, the spermatozoa in an ejaculate produced after a prolonged period of sexual abstinence might well show poor function, and many of them could be moribund or dead. Regulation of the morphologically complex process of spermiogenesis, as well as post-testicular maturation within the epididymis and even in the female reproductive tract, involves molecular chaperones (Dun et al., 2012) . This is currently an area of very active research, revealing that aberrant expression of molecular chaperones is associated with arrested spermatogenesis and sperm dysfunction (Dun et al., 2012) . Various small RNA molecules, including small interfering RNAs (siRNAs) and micro RNAs (miRNAs), also play essential roles in regulating genes during mammalian spermatogenesis (He et al., 2009; McIver et al., 2012) . While disruption of this control can contribute to the development of germ cell tumours (McIver et al., 2012) , targeted knockdown of specific miRNA molecules could form the basis for novel contraceptive technologies.
A normal fertile man 'in his prime' produces 100 million spermatozoa per day ( 1000 per second) (Amann and Howards, 1980; Johnson et al., 1980) .
Sperm structure and morphology
The mature spermatozoon is a highly differentiated single cell that comprises head, midpiece and tail regions (Fig. 1A) , although the human sperm form is more pleiomorphic than in almost any other species (Fig. 1B) . The human sperm head is a flattened pear shape, with the point anteriormost, 5 mm long, 3.5 mm wide and 1.5 mm thick. In plan view (after settling or drying down onto a flat surface), it has a smooth oval outline within which small 'vacuoles' are seen quite commonly in stained preparations; the presence of many or large vacuoles being considered abnormal ( Fig. 2A and B) . These 'vacuoles' can be either small clear spaces within the condensed chromatin of the sperm nucleus that are not membrane bound ('nuclear vacuoles', more correctly 'nuclear spaces'), or else depressions in the surface of the sperm head, often with a raised ridge around their rim, disrupting the underlying structures. 'Craters' are clearly different from nuclear spaces, and are believed to have been created by protrusions of the Sertoli cell into the round spermatid during spermiogenesis.
In recent years, these 'nuclear vacuoles' have been of great interest in regard to selecting spermatozoa for an advanced version of ICSI known as 'IMSI' (intracytoplasmic morphologically selected sperm injection), based on sperm normality as defined by 'MSOME' (motile sperm organelle morphology examination), i.e. the absence of 'nuclear vacuoles' (Berkovitz et al., 2006; Kacem et al., 2010) . While it has become clear that it is spermatozoa without 'craters' (which are often described as structural defects of the acrosome, and can disappear following induction of the AR; Montjean et al., 2012) that are being selected, the functional damage appears to be abnormal chromatin packaging leading to sperm DNA damage (Oliveira et al., 2010; Boitrelle et al., 2011; Perdrix et al., 2011; Franco et al., 2012) and also aneuploidy (Perdrix et al., 2011) . During condensation of the chromatin the histones are replaced by protamines, although the process is not always completed, resulting in heterogeneous sub-populations of spermatozoa with varying protamine : histone ratios that can be related to infertility (Carrell and Liu, 2001; Zhang et al., 2006; Carrell et al., 2007) .
The sperm nuclear envelope is unique in that it does not have any nuclear pores except in the very limited region between the posterior ring, which marks the posterior boundary of the post-acrosomal sheath (a wide belt-like structure that wraps around most of the posterior 35-40% of the sperm head) and the basal plate, a thickened structure of the nuclear envelope that acts to create the implantation fossa for the connecting piece of the neck region, where the sperm tail 'articulates' with the head ( Fig. 2A and B) . Human spermatozoa in particular often have 'redundant nuclear envelope' that hangs like a folded curtain from this region, enclosing a small volume of nucleoplasm (Pedersen, 1969) , which has recently been identified as a probable calcium store important for sperm hyperactivation (Ho and Suarez, 2003; Chang and Suarez, 2010) . Zinc also appears to have a role in the sperm-tail connection since its extraction promotes tail detachment (Bjö rndahl and Kvist, 1982) . The post-acrosomal sheath is a vitally important structure during fertilization, being where the fertilizing spermatozoon first binds to the oolemma, and the posterior ring serves as an O-ring seal around the posterior of the sperm head, effectively separating the cell into head and tail compartments (Gadella et al., 2008) .
The acrosome, a cap-like structure derived from the spermatocyte Golgi apparatus, lies directly under the plasma membrane in the anterior 40 -70% of the sperm head and is closely associated with the nuclear envelope, being separated from it by a minimal sub-acrosomal space. The acrosome comprises a larger anterior 'cap' portion, which will undergo the AR (see below), and a posterior 'equatorial segment' region. Although an integral part of the acrosome, the equatorial segment is distinct from the cap as it does not participate in the AR. Indeed, it must remain intact as it is the region where fusion between the spermatozoon and the oocyte is initiated during fertilization.
The midpiece region of the spermatozoon (typically 5 -7 mm long) actually comprises the connecting structures of the neck region and the anterior part of the sperm tail, where the axial filament complex of the flagellum is enveloped by a double helical spiral of elongated mitochondria (Fig. 2C) Dysfunction in any process will contribute to reduced fertility potential, and failure will cause sterility. a FNA, fine needle aspiration; HEPT, possible within the zona-free hamster egg penetration test (but rarely used); IVF, can only be evaluated as part of clinical IVF treatment; LSR, laparoscopic sperm recovery Templeton and Mortimer, 1982) , but rarely used; PCT, post-coital test; SFT, in vitro sperm function testing method(s) available (see text for more detail); SMIT, sperm -mucus interaction tests (in vitro), no longer performed in most centres; ZBT, sperm-zona binding tests (includes hemi-zona assay), rarely performed due to lack of human zonae.
anterior part of the striated columns is buried the proximal centriole, the distal centriole having served as the origin of the 9 + 2 structures of the sperm flagellum but being lost in the mature spermatozoa of the great majority of Eutheria. In most Eutheria (but notably excluding the mouse), the sperm proximal centriole will be the microtubule organizing centre for the first cleavage division of the fertilized oocyte. The sperm tail is built upon the typical 9 + 2 microtubular structure of cilia and flagella, but with an additional set of outer 'dense' fibres that are generally accepted to serve as an elastic element to increase the power generation of the beating tail (evolutionarily, they are generally present only in spermatozoa from species with internal fertilization). Hence, for much of its length (50 -60 mm in human spermatozoa), including the midpiece, the sperm flagellum is actually a 9 + 9 + 2 structure ( Fig. 2C and D) . Posterior to the midpiece (whose posterior limit is marked by the 'annulus'), the axial filament complex is surrounded by a different structure, the fibrous sheath, made up of a pair of longitudinal columns to which are attached numerous C-shaped, inter-branching, rib-like elements (Fig. 2D) . The various dense fibres terminate at different (but relatively specific) positions along the tail, and their asymmetric termination is believed to be responsible for the creation of a third-dimensional (3D) component in the otherwise planar wave generated by the beating of the 9 + 2 structured sperm flagellum (Woolley, 1979; Serres et al., 1983) . This 3D 'twisted plane' component is essential for achieving progression of the swimming spermatozoa within a low Reynolds number system (Smith et al., 2009) , where the relationship between the spermatozoon and its environment is one of very high viscosity, even 'stickiness' (R 10 -4 ), due to the absolute scale of magnitude at which it exists-it is massively different to the perception of a human being or a fish swimming in water (R 10 4 ) (Purcell, 1977; Mortimer, 2002; Kirkman-Brown and Smith, 2011) . In the most distal part of the sperm tail, the terminal segment, only the basic 9 + 2 structure remains. The surface of the spermatozoon is covered by a dense carbohydrate coat, the glycocalyx, which is formed from secretions of the epididymis. The glycocalyx protects the spermatozoa within the male tract, as well as during transit through the female tract where it plays a key role in regulating sperm function, including immunoprotection (Schrö ter et al., 1999; Tollner et al., 2011) .
Sperm morphology at the light microscope level
Assessments of human sperm morphology at the light microscope level, typically using fixed and stained smears made from liquefied semen, is a fundamental part of the basic semen analysis (Mortimer, 1994; Coetzee et al., 1998; World Health Organization, 2010) . Several schemes for assessing and classifying human sperm morphology have been described, but the most common ones in current use are those promoted by the ESHRE Special Interest Group in Andrology and the WHO (World Health Organization, 2010)-both of which are based on the Tygerberg Strict Criteria (Kruger et al., 1986; Menkveld et al., 1990 )-as well as the David system that is widely used in Frenchspeaking countries (David et al., 1975; Auger, 2010) . Mortimer (1994) , adapted from Pedersen and Fawcett (1976) .
Modern concepts of sperm normality are based on studies of spermatozoa recovered from cervical mucus post-coitally (Menkveld et al., 1990; Mortimer and Menkveld, 2001) and supported by observations of spermatozoa that bind to the zona pellucida in vitro (Liu and Baker, 1992) .
There is growing opinion that the term 'normal' should be replaced by 'ideal' or 'typical', and that the per cent ideal spermatozoa-which is usually very low-be supplemented by additional information on the degree of malformation of the abnormal spermatozoa, which is a negative predictor of biological function (Auger, 2010; Björndahl et al., 2010) .
In general terms, a 'typical' or 'ideal' human spermatozoon has an oval head form with a smooth contour and a clearly visible and welldefined acrosome. The tail is inserted symmetrically without any abnormalities of the neck/midpiece and tail region, and there are no cytoplasmic residues in the neck/midpiece or tail regions. The sperm head is between 3.0 and 5.0 mm in length and 2.0 and 3.0 mm in width, with the acrosome covering 30-60% of its anterior region. The midpiece is no longer than 1.5× the length of a typical head, and 1 mm thick. The tail is 45-50 mm long with no sharp bends or kinks. Spermatozoa with any features that appear 'borderline' or slightly atypical are considered to be atypical .
Sperm motility
As spermatozoa mature in the epididymis, they gain the capacity for motility, but do not express motility until they are 'activated' at ejaculation. Spermatozoa removed directly from the testis are capable, once washed into culture medium, of only twitching motility, although a few progressively motile spermatozoa can sometimes be found . This twitching motility can be enhanced with phosphodiesterase inhibitors such as pentoxifylline (see the Factors affecting male reproductive capacity-Pharmaceuticals-Phosphodiesterase inhibitors section). The percentage of testicular spermatozoa exhibiting motility may increase with overnight incubation . Progressive motility requires ATP production, by both anaerobic glycolysis in the sperm tail and oxidative phosphorylation in the mitochondria of the sperm midpiece (Piomboni et al., 2012) . Many compounds are known to inhibit these processes, and even more can cause outright sperm cell death by permeabilizing the sperm membrane, preventing normal membrane function, or inhibiting other critical processes.
Progressive motility is normally an attribute of, at a minimum, around half of the spermatozoa in an ejaculate; many spermatozoa in semen exhibit non-progressive motility, meaning that their tails are beating, but the cell is not moving from one place to another; other spermatozoa are non-motile (Mortimer, 1994 (Mortimer, , 1997 World Health Organization, 2010) . Sperm motility is induced by beating of the sperm flagellum, with waves being initiated at the anterior end of the tail, inside the midpiece, where it joins the connecting piece (reviews: Mortimer, 1997; Turner, 2006; Lindemann and Lesich, 2010; Woolley, 2010; Inaba, 2011) . Careful analysis of swimming spermatozoa has revealed that each beat can be defined in terms of beat initiation, wave development and wave propagation. During the wave development phase, the curvature of the tail increases, and is dependent on intracellular Ca 2+ concentration-so a delay in wave propagation will result in a larger amplitude wave being sent down the tail, generating greater propulsive force (Mortimer, 1997; Olson et al., 2010; Ishijima, 2011) . Larger amplitude waves lead to higher sperm velocity as well as greater lateral displacement of the sperm head-a pattern of movement that is essential for effective penetration into, and migration within, cervical mucus and failure to develop such motility has been established as a cause of infertility (Feneux et al., 1985) . The study of sperm motility patterns is termed 'kinematics' (Fig. 3) and has been greatly facilitated since the development of computer-aided sperm analysis technology ('CASA'; Mortimer, 1994 Mortimer, , 1997 . The actual human sperm trajectory in semen in 3D space is an ovoid helix with a radius of 0.5-3.0 mm; a significant majority of spermatozoa (ca. 90%) preferring right-handed helices over left-handed ones (Su et al., 2012) .
Sperm survival/longevity
Spermatozoa have a finite functional lifespan, a maximum of a few days within the human female reproductive tract (reviews: Mortimer, 1983 Mortimer, , 1995b . Loss of motility is the most obvious indication of cell death, although a non-motile spermatozoon might still be alive in terms of membrane integrity (Björndahl et al., 2003) . Studies of human spermatozoa removed from the cervix at different times after insemination demonstrated that spermatozoa lose their ability to acrosome react and fuse with an oocyte in 2 days, but remain motile for another day or so (Zinaman et al., 1989) .
As noted already, oxidation of docosahexanoic acid in the sperm plasma membrane is the major factor that determines the motile lifespan of spermatozoa in vitro (Aitken and Clarkson, 1987) , as well as membrane damage and DNA oxidation (Fraga et al., 1991 (Fraga et al., , 1996 .
Because of its ease of measurement, sperm motility is often used by clinical laboratories as a 'sperm survival assay' as part of the quality control processes for plastic-or glass-ware and culture media (Claassens et al., 2000; . Residual chemicals, detergents, plasticizers and endotoxins or other biological toxicants adversely affect sperm survival. As a clinical test, a survival assay is a measure of sperm 'hardiness', although particular assay conditions can influence the outcome (e.g. a highly stimulatory medium can promote high ATP generation or ARs, either of which will lead to a shortened lifespan for spermatozoa). Human sperm motility after an overnight incubation in IVF medium is a major predictive component of pregnancy after intrauterine insemination (Branigan et al., 1999) .
Sperm transfer: ejaculation, the ejaculate and impregnation
Ejaculation typically requires erection of the penis, and this is essential for impregnation of the female via intercourse. Erectile dysfunction can therefore be a serious cause of subfertility, although many types of erectile dysfunction can now be treated using inhibitors of phosphodiesterase type 5, and electroejaculation can also be performed in extreme cases, e.g. those involving many types of spinal cord injury (van Ahlen and Kliesch, 2010) . However, it is not known to what extent electroejaculation mimics the normal ejaculation process, where spermatozoa are transferred from the cauda epididymides and 'convoluted vas' and mixed with the secretion from the prostate gland before being pumped through the urethra and emitted to the exterior through the meatus at the tip of the glans penis. This initial 'sperm rich' fraction, which makes up about one-third of the total ejaculate volume in man, is followed by the secretion from the seminal vesicles (Mann, 1964; .
In the in vivo situation, i.e. during intercourse, the sperm-rich fraction of the ejaculate is deposited around the external os of the uterine cervix, from which the mucous secretion of the cervical epithelium (cervical mucus) protrudes. This may allow prompt migration of spermatozoa into the protective environment of the cervical mucus, away from the vaginal environment, which is quite acidic and therefore hostile to spermatozoa. The seminal vesicular secretion coagulates upon emission, creating a 'copulatory plug' in some species, e.g. rodents and many primates, that prevents another male from impregnating a female for some time, creating a competitive advantage for the first male's spermatozoa (Mann, 1964) . In men, coagulation of the vesicular secretion is merely a vestigial remnant of the copulatory plug. However, when ejaculates are collected for laboratory testing, either by masturbation, withdrawal ('coitus interruptus'), or using a special non-toxic condom, all fractions of the ejaculate are intermixed, with the intermixed secretions of the male accessory glands constituting the seminal plasma. Hence the spermatozoa are trapped within the coagulum until the proteins that caused coagulation can be broken down by proteolytic enzymes present in the prostatic fluid component. In strict physiological terms, the combined ejaculate can be considered an artefact, and has caused some confusion in our understanding of sperm physiology in vivo.
At the time of ejaculation, Eutherian spermatozoa are not capable of achieving fertilization due to the presence of 'decapacitation factors' present in the seminal plasma, whose physiological purpose is to maintain the spermatozoa in a stable state during epididymal storage (Leahy and Gadella, 2011) . One mechanism whereby decapacitation factors achieve their function is through stabilizing the sperm plasma membrane by maintaining a particular cholesterol:phospholipid ratio. Sperm transport through the female reproductive tract Overview Among Eutheria, there are numerous variations in mechanisms for sperm deposition within the female reproductive tract and their subsequent transport to, and storage at, the site of fertilization (Mortimer, 1983 (Mortimer, , 1995b Suarez and Pacey, 2006; Ikawa et al., 2010) . Basically, there are two major strategies: 'uterine' and 'vaginal' inseminationwith humans employing the latter.
Sperm -cervical mucus interaction
Once deposited around the external os, spermatozoa must penetrate into the mucus secreted by the uterine cervix and which occludes the cervical canal. The cervical mucus is only receptive to spermatozoa around mid-cycle (Mortimer, 1983 (Mortimer, , 1994 (Mortimer, , 1995b . Mid-cycle (periovulatory) cervical mucus is unique in its water content and molecular arrangement, easily tested by its 'Spinnbarkeit' and 'ferning' properties, with its secretion being under the control of estrogen. Penetration into, and migration within, cervical mucus depends on effective progressive motility (Mortimer, 1983; Feneux et al., 1985) ; the older 'insuck' theory associated with female orgasm is no longer afforded any real credibility (Mortimer, 1983 (Mortimer, , 1995b . Cervical mucus may harbour antisperm antibodies or other poorly defined molecules that immobilize spermatozoa.
There is no physiological evidence for a 'cervical sperm reservoir' as described in older textbooks, nor is there evidence to support relationships between coital position and fecundity, coital practices and the gender of resulting offspring, or between female orgasm and fertility (Levin, 2011) . As spermatozoa migrate into cervical mucus, they escape from the decapacitation factors-rich seminal environment and the process of 'capacitation' commences. Spermatozoa must swim through the column of cervical mucus that occludes the uterine cervix.
Sperm migration through the uterus and oviducts
Once within the uterine lumen (which, in nulliparous women, is really only a virtual cavity, with only a thin film of uterine fluid separating the quite closely apposed anterior and posterior walls of the uterus). The most likely explanation for the transfer of spermatozoa from the internal os of the cervix to the utero-tubal junctions is their being spread by segmental contractions of the uterine wall, and migration through the utero-tubal junction appears to depend on sperm motility (Mortimer, 1983 (Mortimer, , 1995b Suarez and Pacey, 2006; Ikawa et al., 2010) . In humans, the isthmus region of the oviduct (Fallopian tube) serves as the site of physiological sperm storage, although solid evidence regarding this function has proven difficult to obtain in women (Williams et al., 1993; Mortimer, 1995b) . The isthmic environment is capable of regulating sperm function during their storage there, with spermatozoa usually interacting intimately with the lining of the isthmus. During isthmic sperm storage, the completion of capacitation seems to be suppressed, and release from the isthmic sperm reservoir seems to be regulated via a portal blood supply linking the venous drainage from the ovary to the arterial supply of the ipsilateral oviduct (Suarez and Pacey, 2006; Suarez, 2007 Suarez, , 2008 Holt and Fazeli, 2010) .
Sperm seem to continue to bind to oviductal epithelium after leaving the isthmic reservoir, and motility is crucial in their migration to the site of fertilization in the oviductal ampulla (Chang and Suarez, 2012) . Regional gradations in oviduct fluid viscosity, perhaps combined with temperature gradients, could interact with sperm flagellar activity to reveal subtle differences in sperm functional potential (Hunter et al., 2011) and create environments for sperm selection (Kirkman-Brown and Smith, 2011) .
Capacitation and hyperactivation
Although 'sperm capacitation' was discovered 60 years ago (Chang, 1951; Austin, 1952) , and is defined as resulting in the spermatozoon having acquired the capacity to undergo the AR and fertilize an oocyte, its molecular mechanisms are still not fully understood (Yanagimachi, 1994; Fraser, 1998; Bedford, 2004; De Jonge, 2005; Salicioni et al., 2007) . Several changes take place in different regions of the spermatozoon, including changes in the sperm plasma membrane that involve the loss of decapacitation factors and cholesterol (Leahy and Gadella, 2011) , phosphorylation of tyrosine residues in the outer dense fibres and fibrous sheath of the tail (allowing the tail to become more flexible and exhibit different patterns of beating to those seen in ejaculate or 'seminal' spermatozoa) (Yunes et al., 2003; Mariappa et al., 2006) , the ability to generate calcium oscillations and changes in the acrosome that prepare it to undergo the AR (Yanagimachi, 2011) . Capacitation is an essential requirement for fertilization, both in vivo and in vitro for IVF, and it must be adequately supported by any culture medium that is to be used in an IVF system.
The sperm head plasma membrane undergoes major reorganization, notably the formation of lipid ordered microdomains (lipid rafts) during capacitation with the dynamic redistribution of membrane molecules over its surface that create functionally heterogeneous regions such as the area overlying the acrosomal cap which participates in the AR (Gadella et al., 2008; Leahy and Gadella, 2011) . Capacitation can be promoted by substances such as albumin or minor components such as cholesteryl ester transfer protein Ravnik et al., 1995) , and bicarbonate (Gadella and Van Gestel, 2004; Visconti et al., 2011) , and even to some degree over-ridden by powerful agonists such as b-cyclodextrins, which sequester cholesterol (Visconti et al., 1999) , or by-passed by calcium ionophores which can trigger the AR more-or-less directly (Bailey, 2010) . Capacitation is regulated by increased intracellular pH (pH i having been maintained at a slightly acidic level during epididymal storage) via the Hv1 voltage-sensitive proton channel (Lishko et al., 2012; Florman et al., 2010) .
Hyperactivated motility
'Hyperactivated motility' is expressed as a concomitant of capacitation: physiologically during the passage of spermatozoa through the upper parts of the female reproductive tract to the site of fertilization in the oviductal ampulla, or under capacitating conditions in vitro. It is characterized by the development of high-amplitude flagellar waves, which causes a 'whiplash-like' movement of the head in free-swimming spermatozoa (Yanagimachi, 1994; Mortimer, 1997) . The vigorous beating pattern serves to dislodge spermatozoa that have bound to the oviductal epithelium, and later, to help drive the fertilizing spermatozoon through the zona pellucida.
Hyperactivation depends on increased flexibility of the tail structures, combined with increased [Ca 2+ ] i , presumably originating from a calcium store located in the sperm neck and midpiece (Costello et al., 2009; Buffone et al., 2012) , and a delay in wave propagation, results in beats of greatly increased amplitude (Fig. 3B ). If the delay in wave propagation is increased further, then the curvature developed in the proximal part of the tail can cause the sperm head to turn back on itself, so that when the wave is propagated (at much increased velocity in hyperactivated spermatozoa), the spermatozoon 'thrashes', displaying a non-progressive 'whiplash' pattern of movement that is generally characteristic of hyperactivated Eutherian spermatozoa examined in vitro (Yanagimachi, 1970; Mortimer, 1997) , and can also been seen in vivo in some species where suitable observations can be made (Yanagimachi, 1970) .
Hyperactivated spermatozoa show poor ability to traverse the utero-tubal junction (Shalgi et al., 1992) , and hence premature sperm capacitation (e.g. in sperm preparations intended for intrauterine insemination) could be severely disadvantageous, and preclude proper sperm transport to the site of fertilization.
In vitro, the proportion of spermatozoa with hyperactivated motility can be quantified using computer-aided motility analysis (Mortimer, 1997; . True hyperactivated motility does not occur in seminal plasma. While a similar pattern of beating can be seen following ROS-induced damage (de Lamirande and Gagnon, 1993; de Lamirande et al., 1997) , it fails to meet proper kinematic criteria for hyperactivation (because tyrosine phosphorylation has not occurred and the axial filament complex is not yet in its 'capacitated' state), and must be seen as a pathological event that could lead to impaired fertility.
The role of calcium ion dynamics in the initiation and maintenance of hyperactivated motility involves CatSper (cation channel of sperm), a pH-activated weakly voltage-dependent calcium channel (Qi et al., 2007; Publicover et al., 2008; Olson et al., 2010; Brenker et al., 2012; Lishko et al., 2012) , whose action can be integrated with hydrodynamics and flagellar modelling to create a regulatory model for sperm hyperactivation (Olson et al., 2011a, b) . CatSper also mediates progesteroneinduced Ca 2+ influx into human spermatozoa (Strünker et al., 2011) , thereby serving as a non-genomic progesterone receptor in spermatozoa that can modulate [Ca 2+ ] i as the basis for chemotaxis (Publicover et al., 2008; Yoshida and Yoshida, 2011) . Hyperactivation and chemotaxis have been combined into models for how spermatozoa locate the oocyte within the 3D space of the oviduct (Guerrero et al., 2011) .
Sperm-oocyte interaction, including the physiological AR
Cumulus penetration
After reaching the site of fertilization in the ampulla of the oviduct (Fallopian tube), the fertilizing spermatozoon must migrate through the cumulus mass and corona radiata cells surrounding the oocyte (Ikawa et al., 2010; Kirkman-Brown and Smith, 2011) . Although the matrix of the cumulus mass has a very high hyaluronate component, the traditional view that this migration was helped by hyaluronidase from the acrosome is now considered circumspect, it now being unclear whether what was thought to be the enzyme hyaluronidase actually has catalytic activity (Kang et al., 2010) .
Sperm -zona pellucida binding
The conventional view is that upon reaching the zona pellucida, the spermatozoon binds, in a more-or-less species-specific way at least partly dependent on lectin-like (sugar -protein) interactions, to putative sperm receptors which then induce the physiological AR (Yanagimachi, 1994; Visconti and Florman, 2010) . Although recent research in mice suggests the physiological AR is probably initiated prior to binding to the zona pellucida (Jin et al., 2011; Yanagimachi, 2011) , in humans most of the spermatozoa recently bound to the zona pellucida are acrosome-intact (Cross et al., 1988) and acrosomereacted spermatozoa are unable to bind to the zona pellucida (Liu et al., 2006) .
Acrosome reaction
The AR is a complex event, involving extrinsic receptors, signal transduction, influx of calcium, membrane fusion and vesiculation with loss of parts of the plasma membrane and outer acrosomal membrane, and activation and release of enzymes from the acrosome (Yanagimachi, 2011) . Prevention or disruption of any of these steps can block the event, and thus prevent fertilization. In human spermatozoa, it is believed that the AR is induced following binding to a putative sperm receptor integral to the zona pellucida, most probably zona pellucida glycoprotein 3 (ZP3) and proceeds via a still poorly characterized cascade of intracellular biochemical pathways (Dean, 2007; Visconti, 2009; Visconti and Florman, 2010) . However, substantial elevation of [Ca 2+ ] i is induced, perhaps involving a store in the acrosomal region (Costello et al., 2009; Buffone et al., 2012) , and a Ca 2+ -dependent Clcurrent can be identified during ARs induced by a recombinant ZP3 (rhZP3) molecule in vitro (Orta et al., 2012) .
The 'normal AR' ( Fig. 2A and B) involves dissociation of the tightly packaged proenzymes stored inside the acrosome (mostly pro-acrosin), followed by localized fusions between the sperm plasma membrane and the outer acrosomal membrane of the cap region of the acrosome creating openings through which enzymes are released (Zanetti and Mayorga, 2009) . While acrosin may act to soften the glycoprotein matrix of the zona pellucida, the fertilizing spermatozoon does not simply digest its way through the zona: its hyperactivated motility generates propulsive force 10× greater than that required to break covalent bonds (Drobnis et al., 1988) , hence it pushes its way through the softened substance of the zona. Ultimately, these membranes are lost, leaving an acrosome-reacted spermatozoon whose anterior exterior surface is the inner acrosomal membrane (Yanagimachi, 1994; Ikawa et al., 2010) . In a normally acrosome-reacted spermatozoon, the equatorial segment of the acrosome must remain intact to initiate fusion between the sperm and oocyte plasma membranes (spermalemma and oolemma) during fertilization; without the equatorial segment, a spermatozoon cannot achieve fertilization. Under in vivo conditions, the acrosome-reacted spermatozoon is held in place by virtue of being embedded within the corona radiata and cumulus mass, and so is ready to move into the next stage of its penetration of the oocyte vestments.
Capacitated spermatozoa are in a highly labile state, and can also initiate 'acrosome loss' via a 'false AR' in response to many physical and chemical triggers (e.g. elevated pH: Mortimer, 1995a) . Premature loss of the acrosome (Tesarik, 1989; ESHRE Andrology Special Interest Group, 1996) , as a result of either a normal or false AR before the spermatozoa reach the zona pellucida prevents their binding to it (Liu et al., 2006) -thereby impairing or perhaps preventing fertilization.
Sperm -oolemma binding and sperm-oocyte fusion
Once through the zona pellucida, the spermatozoon makes contact with the oolemma and a specific binding process occurs between the oolemma and the surface of the posterior sheath region of the spermatozoon, although the molecular details of this are still largely unresolved (Ikawa et al., 2010) . Based on old microcinematographic studies (RJ Blandau, Seattle, WA, USA), sperm motility ceases at this point and the remainder of the process of sperm incorporation into the oocyte is effected by the oocyte. Sperm-oocyte fusion is initiated between the remaining sperm plasma membrane over the equatorial segment and the oolemma, and the entire spermatozoon, including the midpiece and sperm tail structures, is incorporated into the oocyte and disassembled (Yanagimachi, 1994; .
The sperm mitochondria, which have been tagged with ubiquitin, are destroyed, although remnants may be identifiable at the ultrastructural level during the first one or two cleavage divisions Baska et al., 2008) . The 9 + 9 + 2 axial filament complex and the fibrous sheath of the sperm tail are all disassembled within the ooplasm. The sperm plasma membrane remains as a 'patch' in the oolemma, it only enters the ooplasm during ICSI, and there is evidence that ROS-based oxidation of its phospholipid and cholesterol content (the latter is especially high, since spermatozoa used for ICSI are typically uncapacitated) can adversely affect embryonic development (Tateno and Kamiguchi, 2007) .
Sperm contributions at fertilization
The fertilizing spermatozoon brings three essential components to the oocyte: the 'male haploid nucleus', 'centrosome' (centriole), and an 'egg-activating factor' Barroso et al., 2009) , any defects in any of these three elements can result in fertilization failure. After the fertilizing spermatozoon fuses with the oolemma and is drawn into the cytoplasm of the oocyte, the sperm nucleus must decondense to form the male pronucleus. In some cases, the decondensation step occurs too early or not at all and can result in failed fertilization, even following ICSI (Sakkas et al., 1996; Esterhuizen et al., 2002; . After the male and female pronuclei fuse, their respective chromosomes must line up correctly and subsequently separate for the embryo's first cell division. In most Eutheria, this division is organized by the centriole brought in by the spermatozoon (Schatten, 1994; Sathananthan et al., 1996 Sathananthan et al., , 2006 Sathananthan, 2009) . Damaged centrioles will not prevent fertilization, but will lead to the early demise of the embryo. The third critical contribution is a signalling molecule, a sperm-specific phospholipase, PLCz (Kashir et al., 2010; Ramadan et al., 2012) , that triggers calcium oscillations and induces the resumption of the second meiotic division (Ajduk et al., 2008; Swann and Yu, 2008) .
Syngamy and early embryonic development
After the sperm nucleus has been incorporated, its nuclear envelope is lost and a new one forms from oocyte-derived components as the sperm chromatin is decondensing and its protamines are replaced by histones. During this process, there is opportunity for some repair to sperm DNA damage, but it is limited by time . Once this process is complete, the structure is known as the male pronucleus, which then merges with the female pronucleus at syngamy, marking the completion of the fertilization process and the creation of a new genetic individual.
Development of the early embryo is controlled by a pool of mRNAs that was established in the ooplasm during the final stages of oocyte maturation inside the Graafian follicle (Gosden, 2002; Krisher, 2004) . Timing of activation of the human embryonic genome (transcription) has generally been believed to begin between the 4-and 8-cell stage, and translation at the 8-cell stage. However, a recent report has described the presence of waves of transcriptional activity starting as early as the 2-cell stage (as well as waves of degradation of maternal mRNA), although it remains unclear when these mRNAs are translated (Vassena et al., 2011) . Hence the embryonic genome is responsible for development beyond the 8-cell stage, i.e. from Day 3 (Braude et al., 1988; Wong et al., 2010) .
The paternal DNA is highly susceptible to fragmentation caused by chemotherapeutic drugs, radiation and other mechanisms that increase oxidative stress . Fragmented sperm DNA may or may not be able to be repaired by the oocyte or early embryo, depending on the extent of damage. Also, small fragments of DNA that result from 'double-double' breaks might be integrated at the wrong place or inverted, resulting in spontaneous 'mutations' that could lead to serious childhood disorders. A number of childhood diseases have already been linked to paternal age, and sperm DNA damage increases with age (Singh et al., 2003) . There are numerous recent reviews on the role of sperm DNA damage in male infertility (e.g. Barratt et al., 2010; Lewis and Simon, 2010; Pacey, 2010; Gharagozloo and Aitken, 2011) , but although many published studies claim that sperm DNA damage/ fragmentation has been assessed, the measurement methods are only indirect-it remains unclear whether some of these 'assays' detect actual endogenous DNA damage or just increased vulnerability of the sperm DNA . Nonetheless, embryos with massively damaged sperm-derived haploid genomes usually appear perfectly normal up until Day 3 of development, but typically have extremely poor capacity to form normal blastocysts and implant (Seli and Sakkas, 2005; Tesarik, 2005; Barroso et al., 2009; Sakkas and Alvarez, 2010) . Associations between altered epigenetic profiles in mature spermatozoa that reflect heritable epigenetic changes during spermatogenesis, perhaps induced via endocrine disruption, and infertility have recently been discussed (Carrell and Hammoud, 2010; McCarrey, 2012) .
Assessments of sperm toxicity
Experimental and biological artefacts
There are two major sources of artefacts in many in vitro studies on sperm physiology: the impact of viscosity on sperm motility and the collection of the ejaculate as a single specimen.
Viscosity
Changes in the viscosity of the environment in which spermatozoa are swimming will affect their movement, and hence analyses of their progressive motility and kinematics. A non-engineer's perceptions of hydrodynamics are based upon human perceptions of aquatic organisms, and their simple extrapolation to spermatozoa will lead to erroneous concepts unless the Reynolds number (R: the ratio of the inertial forces to the viscous forces) of the system is taken into account (Purcell, 1977; Mortimer, 2002; Smith et al., 2009; Gadêlha et al., 2010) . Sperm motility is far more complex than simple consideration of the 'percentage motile' or 'progressive' spermatozoa, and robust analysis of sperm movement patterns (sperm 'kinematics') requires consideration of the interaction between flagellar beating patterns and the physical nature of the environment in which spermatozoa exist. Consequently, any studies in which the viscosity of products (e.g. sperm washing or culture medium or lubricant) is modified must include proper controls to avoid artefacts, which can easily be misconstrued as impairments (or enhancements) to sperm motility, and hence perceived functional ability.
The collected ejaculate
This artefactual situation, brought about by collecting the human ejaculate as a single specimen, results in several abnormal (nonphysiological) circumstances that can have major impacts on spermatozoa (e.g. spermatozoa in the second fraction of ejaculates in cases of asthenozoospermia and teratozoospermia show elevated levels of sperm DNA fragmentation (Kumar et al., 2011) . However, for many practical reasons, it is difficult to avoid the routine collection of the whole ejaculate in a single container, and this practice will most likely continue unless some diagnostic or therapeutic advantage to examining or separating spermatozoa from the first fraction of a carefully collected split ejaculate has been established. Hence collecting the complete human ejaculate for analysis remains the de facto standard for the primary research tool for studying the effects of toxicants on the male reproductive system (Cohn et al., 2002; Brazil et al., 2004a, b) .
Exposure of spermatozoa to seminal vesicular secretion. Spermatozoa initially exposed to seminal vesicular fluid rather than prostatic fluid are less motile and show impaired survival (Lindholmer, 1973; Lindholmer and Eliasson, 1974) . Furthermore, due to extraction of nuclear zinc by seminal vesicle fluid, there is an initial increased accessibility of the DNA followed by a rapid super-stabilization of the chromatin. Increased DNA accessibility constitutes an opportunity for increased DNA damage, especially in an oxidative environment such as the seminal vesicular fluid. Subsequently, after spermatozoa have been exposed to the seminal plasma for more than a few minutes, access to the DNA is reduced due to excessive disulphide bond formation (Bjö rndahl and , a phenomenon that can influence sperm chromatin damage test results by (i) concealing DNA damage due to reduced access to the DNA (false-negative results) and (ii) inducing more damage in vitro beyond what already existed in vivo (false-positive results). Thus, a sperm-safe product should take into consideration possible effects on sperm chromatin structural stability as well as the risk for oxidative damage.
Prolonged exposure to seminal plasma. Eutherian ejaculated spermatozoa are prevented from undergoing capacitation by decapacitation factors present in the seminal plasma. Seminal plasma also contains one or more factors to which prolonged exposure adversely affect sperm function, including the ability to penetrate cervical mucus, undergo the AR in vitro and the fertilization process generally (Yanagimachi, 1994; Mortimer, 2000a, b) . Based on studies using the zona-free hamster oocyte penetration assay, exposure of human spermatozoa to seminal plasma for more than 30 min after ejaculation can permanently diminish their fertilizing capacity (Rogers et al., 1983) , and contamination of prepared sperm populations with as little as 0.01% (v/v) of seminal plasma (i.e. a 1:10 000 dilution) can decrease their fertilizing capacity (Kanwar et al., 1979) . As discussed already, the exposure of human spermatozoa to the hypertonic conditions in liquefied ejaculates can be considered unphysiological and might have significant implications for their subsequent handling and processing. Clearly, spermatozoa for clinical procedures (e.g. IUI or IVF) or laboratory tests of sperm fertilizing ability must be removed from the seminal plasma as soon as possible after ejaculation (but which can be delayed to allow for normal liquefaction at 378C), and why poor sperm washing protocols could adversely affect sperm functional potential as a result of carry-over of seminal plasma.
Human sperm motility and vitality
In vitro assessment of sperm progression is the oldest way of assessing sperm function (Botella-Llusia, 1956 ) and for testing substances for adverse affects on sperm function, e.g. the transmembrane migration test (Hong et al., 1981a) . Semen analysis sperm motility assessments have long been used in studies on reproductive toxicology (Wyrobek et al., 1983b; Schrader et al., 1991; Cohn et al., 2002) , and the need for standardized training, robust protocols and quality control are well-recognized (Brazil et al., 2004a, b) .
Visual assessments of sperm motility under a microscope are notoriously subjective, and without rigorous training most observers can only provide 'guesstimates' as to even the proportion of motility, or progressively motile, spermatozoa. This problem has been known for 60 years (MacLeod and Gold, 1951) , but it can be eliminated, provided that thorough, goal-orientated training using qualified reference materials is undertaken (Mortimer, 1994) . The issue of the quality of sperm progressive motility has also been recognized since 1951, and it can also be addressed via thorough training . Being able to determine the proportion of spermatozoa that show rapid progression (defined as those with a space-gaining velocity of at least 25 mm/s, at 378C) identifies the subpopulation of spermatozoa that are biologically-and hence clinically-important .
CASA technology is still unable to provide reliable values for either total sperm concentration or the proportions of motile or progressively motile spermatozoa in routine practice without a substantial uncertainty of measurement (Mortimer et al., 1995; ESHRE Andrology Special Interest Group, 1998; Mortimer and Mortimer, 1998) . However, CASA can be used reliably to quantify specific subpopulations of spermatozoa with functional potential, e.g. those that show the correct kinematics for penetrating into cervical mucus (ESHRE Andrology Special Interest Group, 1998; Mortimer, 2000b; Mortimer and Mortimer, 2005; .
When analyzing sperm motility as a marker of spermotoxicity, an assay can be either a single time end-point or else a longitudinal study over a period of time that is commensurate with physiology, e.g. the detection of spermotoxicity to spermatozoa in seminal plasma of supposedly 'non-spermicidal' lubricant and ultrasound gels used in reproductive medicine (Agarwal et al., 2008a, b, c; Vargas et al., 2011) . For spermatozoa in semen, this means no more than a short-term incubation period since spermatozoa that migrate from the ejaculate into cervical mucus in vivo do so within a very short period of time, making seminal plasma a non-physiological environment for human spermatozoa beyond that time window (MacLeod and Gold, 1951; Mortimer, 1995b) ; longer incubation periods, e.g. several hours, can only be seen as a sort of unphysiological 'stress test'. Using an elevated incubation temperature, e.g. 398C, only exacerbates this issue. It should also be noted that the very high protein content of seminal plasma can protect the spermatozoa against certain types of spermotoxicity.
The most common, and physiologically valid, sperm motility assays are 'sperm survival assays' whereby spermatozoa are separated from liquefied semen and resuspended in a physiological culture medium capable of supporting their motility. Such assays serve two purposes: (i) a bioassay for testing culture media and contact materials in an ART laboratory (Claasens et al., 2000; De Jonge et al., 2003) ; and (ii) to evaluate the longevity of a man's spermatozoa (Coccia et al., 1997) . While well-validated protocols are available for the former purpose , the latter concept raises an intriguing physiological question as to whether a high sperm survival after 24 h incubation is 'good' or 'bad'. This is because the prolonged incubation of human spermatozoa under capacitating conditions leads to a high level of spontaneous ARs due to the lability of capacitated spermatozoa-but then having undergone the AR, the spermatozoa die (Mortimer et al., 1989) . Consequently, a high proportion of dead spermatozoa after 24 h in a medium optimized for sperm capacitation could be seen as revealing a high physiological response of the man's spermatozoa rather than 'toxicity', whereas in a suboptimal capacitating medium, a high level of sperm survival would not reflect a 'good' result. It should also be noted that in vivo stored spermatozoa lose their capacity to fertilize long before motility decreases: 'aged' but still motile spermatozoa lead to lower fertilization rates and cause chromosomal anomalies in embryos and hence an increased frequency of preimplantation losses (Tesh and Glover, 1969; Martin-DeLeon et al., 1973; Martin-DeLeon and Boice, 1982) .
In any sperm motility bioassay for toxicity, there should not only be an untreated control but also a known negative control, i.e. an aliquot of the sperm suspension should be exposed to a known toxic substance to control for the relative 'hardiness' of the test sperm population.
Finally, it is essential that the method whereby the analyte sperm population is prepared must not expose the spermatozoa to any adverse factors that could themselves affect the sperm motility or survival. Of particular importance is using a known safe sperm preparation method if using a washed sperm population as the analyte, i.e. either direct swim-up from semen or discontinuous density gradient centrifugation (Mortimer, 2000a; . While the former method selects spermatozoa based on their motility, the latter selects the most mature spermatozoa-and arguments can be made for either as the preferred technique for spermotoxicity bioassay applications, but either way the essential internal controls of the assay will ensure objective testing (e.g. Agarwal et al., 2008a, b, c) .
Human sperm vitality
These assays depend primarily on the quantification of the 'live' subpopulation using a dye exclusion technique, e.g. eosin-nigrosin or Hoechst 33258, but are more restricted to testing for sperm isoand auto-immunity, or as extensions to assessments of sperm function (Mortimer et al., 1990a, b; Mortimer, 1994; ESHRE Andrology Special Interest Group, 1996; Bjö rndahl et al., 2003) .
Human sperm morphology
Assessment of sperm morphology has been used extensively in studies on reproductive toxicology, both using the mouse model (Wyrobek et al., 1983a) and human spermatozoa (Wyrobek et al., 1983b) . Human sperm morphology has also been used successfully in epidemiological studies on fertility (e.g. Jouannet et al., 1988; Slama et al., 2002; Attaman et al., 2012) .
Of the several assessment schemes in current clinical use, those based on strict application of classification criteria and the inclusion of an index of sperm abnormality as an additional dimension of information to complement the (typically very low) per cent 'normal' forms are likely to provide the most useful information (Mortimer and Menkveld, 2001; Auger, 2010) . It is also recommended that the term 'normal' be replaced by either 'ideal' or 'typical'. The most common schemes for classifying human sperm morphology are based on either the Tygerberg Strict Criteria (Kruger et al., 1986; Menkveld et al., 1990) or the David system in France (David et al., 1975) , although some centres still use the older WHO'92 scheme (World Health Organization, 1992) . When assessments of sperm 'normality' are made of the basis of strictness, there is no biologically significant difference between the WHO'92 and Tygerberg schemes (Mortimer and Menkveld, 2001) , and this is the basis for the current scheme employed by the ESHRE Special Interest Group in Andrology (SIG-A: Bjö rndahl et al., 2010; Barratt et al., 2011) , which is similar to, but more informative than, the current WHO scheme (World Health Organization, 2010) .
For the additional information on the degree of malformation of the abnormal spermatozoa, which is a negative predictor of biological function, the ESHRE Special Interest Group in Andrology scheme uses the 'teratozoospermia index' (TZI) and the French David scheme (Eustache and Auger, 2003) uses the 'multiple anomalies index'. The TZI is the average number of defective regions per abnormal spermatozoon: each abnormal cell having from one to four defects, assessed in the head, neck/midpiece and trail regions plus the presence of a cytoplasmic droplet.
As in all aspects of semen analysis, thorough training and quality control are essential to achieve robust standardization within and between laboratories (Auger et al., 2000; Franken et al., 2000; Björndahl et al., 2002; Eustache and Auger, 2003) .
Human sperm function tests
There are numerous bioassays for evaluating different aspects of human sperm function in vitro that can be applied in certain situations for evaluating spermotoxicity under various conditions. The prime consideration when contemplating using such assays for this purpose is ensuring the physiological relevance of the end-point in regard to the likely or potential circumstances under which exposure to the toxicant might occur. Ensuring physiological appropriateness of the manipulations, the circumstances, concentrations and durations of exposure, and the post-exposure incubation conditions and duration are all vital to designing a valid spermotoxicity sperm function bioassay.
The omission or failure to achieve any one of these critical features could render a study meaningless-and hence allow a perceived 'safe' substance or product into use with subsequent adverse outcomes and possible liability.
Sperm -mucus penetration
The first obstacle that human spermatozoa must face in vivo is the cervical mucus, into which they must migrate from the ejaculate. Because only the estrogenic mucus secreted during the periovulatory period is receptive to penetration by spermatozoa, receptive cervical mucus is in very limited supply, with obvious opportunities for major biological variability between samples. As a consequence, various researchers have attempted to use either animal (e.g. bovine) mucus (Schütte, 1987; Barratt et al., 1992) or synthetic materials that mimic cervical mucus in their penetrability by human spermatozoa such as hyaluronic acid (Mortimer et al., 1990a, b) or methylcellulose (Ivic et al., 2002) . Although no objectively standardized protocols exist for currently available materials or products , such a bioassay would be highly advantageous.
Sperm hyperactivation
Although hyperactivation is a flagellar phenomenon, the only practical means for identifying spermatozoa showing this pattern of motility in a capacitating population requires specialized CASA techniques (ESHRE Andrology Special Interest Group, 1996) . If all appropriate assay conditions are met, including careful separation of the spermatozoa from seminal plasma, specific physiological requirements for the incubation medium and an adequate analysis preparation depth so as not to constrain flagellar movement, reliable analysis of human sperm hyperactivation is possible (ESHRE Andrology Special Interest Group, 1998; Mortimer, 2000b) , and can be used as the basis for a bioassay. However, the expression of spontaneous sperm hyperactivation is highly variable over time, requiring multiple time point assessments. Incorporation of the agonists progesterone and pentoxifylline has allowed the definition of a single time point bioassay, similar to the 'ARIC' test for studying the human sperm AR (Bjö rndahl et al., 2010), although its usefulness in spermotoxicity testing remains to be ascertained.
Other markers of sperm capacitation
Various other markers of the capacitation process have been described over the years, including binding of the lectin Concanavalin A (Con A) to the sperm surface (Ahuja, 1985; Cross and Overstreet, 1987) , changes in chlortetracycline (CTC) fluorescence as a reflection of intracellular calcium levels (Lee et al., 1987) and the activation of phosphokinase A (PKA) and concomitant phosphorylation of tyrosine residues within the structures of the sperm tail (Moseley et al., 2005) . Neither Con A binding nor CTC fluorescence remain in common usage, but the biochemical assays of PKA activation and tyrosine phosphorylation would seem amenable to use in studying the effect of potential or known spermotoxic substances on aspects of the sperm capacitation process.
Acrosome reaction
Because the fertilizing spermatozoon undergoes its AR on the zona pellucida (Tesarik, 1989; Yanagimachi, 1994 Yanagimachi, , 2011 , the occurrence of spontaneous ARs during in vitro incubation is actually related to sperm pathology rather than to sperm physiology. Assessments of AR ability have focused on two areas of sperm pathophysiology: (i) AR prematurity and (ii) AR insufficiency (ESHRE Andrology Special Interest Group, 1996) . The former identifies an instability in a man's spermatozoa once they achieve the capacitated state, and is related to subfertility, compromised sperm-zona binding (Liu and Baker, 1994) and poor IVF performance, while the latter signifies an impaired ability of a man's spermatozoa either to capacitate (fully) or for his capacitated spermatozoa to respond to the normal physiological trigger event and/or undergo the AR (Tesarik, 1989) . Approximately 5% of infertility patients have an AR problem, about half AR insufficiency and half AR prematurity; intriguingly, both pathologies can occur in the same man (ESHRE Andrology Special Interest Group, 1996) . From the fertility diagnostic perspective, comprehensive AR assessment for a patient involves assessing both the levels of spontaneous ARs under optimized capacitating conditions, and the occurrence of ARs following exposure to an appropriate agonist. In the absence of solubilized human zonae pellucidae, or biologically active rhZP3, the calcium ionophore A23187 remains the standard agonist within the format of an 'ARIC' test (AR following ionophore challenge; Cummins et al., 1991) , a standardized protocol for which has been established (ESHRE Andrology Special Interest Group, 1996; .
Sperm -zona pellucida binding
After penetrating the cumulus oophorus, human spermatozoa bind tightly to the zona pellucida which induces a signal transduction cascade within the spermatozoon leading to the AR. Two types of sperm -zona pellucida binding tests have been described: (i) the original hemizona assay, exposing one half of a bisected oocyte to the test sperm population and the other half as the internal control (Burkman et al., 1988; Franken et al., 1989) ; and (ii) a competitive binding test using intact zonae pellucidae in conjunction with mixtures of test and control sperm populations with different fluorescent labels (Liu et al., 1988) . Tight binding of the spermatozoa to the ZP is the primary endpoint of these tests, which have a high predictive value for IVF success and a good ability to identify men at risk for failed or poor IVF fertilization (ESHRE Andrology Special Interest Group, 1996) . The extremely limited availability of human ZPs precludes any routine use of these tests.
Zona-free hamster egg penetration test
Popular during the 1980s and early 1990s, the 'hamster egg penetration test' (HEPT), or the 'sperm penetration assay' (SPA) in the US literature, is now rarely used as a clinical test. While the value of the test in assessing sperm function remains unquestioned, it is technically complex and there are no widely accepted, standardized protocols for its application (ESHRE Andrology Special Interest Group, 1996; Oehninger et al., 2000; . Furthermore, in some jurisdictions, the mixing of human and animal gametes is now prohibited by law.
Human IVF
While clearly not amenable for experimental applications, clinical human IVF might be seen as a valid trial study for certain clinical products that have evolved from established routine clinical practices. However, this should be preceded by studies that have not identified any evidence for adverse effects upon sperm physiology or functional potential, including IVF in a suitable animal model.
Human sperm DNA testing
Many types of test for sperm DNA damage or DNA integrity have been described and are discussed elsewhere Björndahl et al., 2010; Anton and Krawetz, 2012) . It should be noted that those tests which measure real DNA damage will be better predictors of pregnancy than tests which measure only the 'potential' for DNA damage, with the latter tests generally having lower predictive power. Because .90% of human DNA consists of non-protein-coding regions (introns), the probability of random DNA damage affecting protein-coding regions (exons) is very low, and consequently, many spermatozoa bearing some DNA damage can produce viable pregnancies. Although the Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) test is often used to determine apoptosis in cells, it can also be used to detect sperm DNA fragmentation. Based on this, and the commercial availability of a test kit, it is currently recommended for measuring sperm DNA fragmentation in routine laboratory use, and a standardized protocol has been proposed . Analysis of its results by flow cytometry is recommended, but methods using fluorescence and light microscopy assessment are also available. Other recently described diagnostic tests of sperm DNA damage include the DNA breakage detection-FISH assay (Fernández et al., 2011) , the two-tailed Comet assay (Enciso et al., 2009) and the alkaline Comet assay-for which some clinical interpretation criteria exist (Simon et al., 2011) . A modified comet assay 'ReProComet', based on the addition of a protein extract from HeLa cells to agarose-embedded bovine spermatozoa on microscopic slides so that DNA breaks produced during adduct repair can be detected, has been reported for germ cell genotoxicity testing (Cordelli et al., 2007) .
In terms of clinical predictive value, the sperm chromatin structure assay (SCSA) has the most clinical data, and validated clinical interpretation guidelines are available: a low DNA fragmentation index (DFI , 30%) being predictive for both natural fertility and pregnancy following IUI (Evenson and Wixon, 2008) . Since the SCSA is a 'susceptibility' assay, its results can be influenced by, for example, manipulating sperm zinc content. Because the DFI values used in the establishment of the interpretation criteria for the SCSA were derived using proprietary software to analyse the cytograms (SCSA Diagnostics Inc., Volga, SD, USA), only results obtained from a laboratory licensed to use this software should be interpreted using these guidelines.
Non-human sperm bioassays
Sperm motility
Multiple straws of cryopreserved bovine spermatozoa from an ejaculate, or pool of ejaculates or fresh ejaculates that have either a large volume or contain very large numbers of spermatozoa can be used for dose -response and/or multi-replicate studies (Petzoldt et al., 1985; Seibert et al., 1989) . Cryopreserved material also permits repeat testing over time. Porcine spermatozoa have also been used in this way (Andersson et al., 1998) , and at least in regard to cereulide toxin, a cause of food poisoning, were found to be 100 times more sensitive than bovine spermatozoa (Jääskeläinen et al., 2003) . While such studies might be used as sensitive screening tools, given interspecies differences they cannot entirely replace testing with human spermatozoa.
Sperm function tests
Similarly, tests of sperm function using material from domesticated or laboratory species could be used as screening assays, although there are few robust, established assays for non-human Eutherian spermatozoa, and laboratories performing such tests on a routine basis are relatively scarce.
In vitro fertilization
Integrated bioassays of sperm function based on animal IVF, e.g. bovine, represent a feasible, practical approach to screening for sperm toxicity (Lazzari et al., 2008) and could constitute a practical surrogate system since human IVF cannot be used as a general bioassay on ethical and moral grounds. Because of the ease with which mouse spermatozoa capacitate in vitro (Fraser, 1983) , and because mouse embryos are less sensitive to bacterial endotoxins than human embryos (Randall and Gantt, 1990) , this species is not well suited for such testing. Given the possibility of inter-species differences, such a system still could not entirely replace testing with human spermatozoa, e.g. in vitro tests of sperm fertilizing ability.
Mouse embryo assay
The mouse embryo assay (MEA) is a common bioassay for toxicity and functionality testing of ART culture media or any device coming into contact with gametes (Gardner et al., 2005; Punt-van der Zalm et al., 2009) , and is required by various professional standards (e.g. ASRM and SART, 2008) regulatory authorities (e.g. US FDA) on a per batch, pre-release basis. While the MEA is often more sensitive than a human sperm motility assay (Hughes et al., 2010) , a negative MEA result does not guarantee that a product or device might not have some form of toxicity to spermatozoa, and hence andrology media and products are typically also tested using a sperm motility/ survival assay.
Testing for sperm toxicity
International standardized protocols already exist for investigating male reproductive toxicity using animal models, e.g. OECD 1-or 2-generation reproductive toxicology studies, and should be applied and strictly complied with when performing such testing (see the 'Regulatory aspects of reproductive toxicology' section). Well-defined principles for designing studies on human male reproductive health (e.g. Buck Louis et al., 2008; Sharpe, 2009 Sharpe, , 2010 Balabanič et al., 2011; Skakkebaek et al., 2011) , and general human fertility in terms of time-to-pregnancy (e.g. Tingen et al., 2004) , also exist. But, while many studies on human semen characteristics as indirect measures of fertility potential have been published, and significant advances have been made in ensuring methodological and technical standardization (e.g. Schrader et al., 1992; Brazil et al., 2004a, b) , debate continues concerning difficulties of study design and subject recruitment to avoid possible population bias (e.g. Cohn et al., 2002; Eustache et al., 2004) . It is hoped that recently proposed guidelines for the appraisal of studies based on semen quality end-points will help improve the quality of research in this area (Sánchez-Pozo et al., 2013) .
However, studies on direct sperm toxicity, typically using in vitro assessments of sperm fertilizing ability or DNA integrity, are uncommon and often difficult to interpret due to varied methodologies and technical differences (Anton and Krawetz, 2012; Sánchez-Pozo et al., 2013) . Although it is hoped that genomic approaches will prove effective tools for studying genotoxicity in the future (Roy Choudhury et al., 2010; Kosova et al., 2012; Aston and Conrad, 2013) , direct investigations on sperm (dys)function will likely remain important for establishing a lack of actual deleterious effect on sperm function. Consequently, we conclude this review with suggested guiding principles for developing not only biologically appropriate strategies for evaluating possible sperm toxicity (Fig. 4) , but also minimum standards for in vitro bioassays of human sperm functional potential (requiring technical standardization, objective analysis, operator competence and valid statistical analysis and interpretation of the results; see Sánchez-Pozo et al., 2013) . Ideally, test protocols should be based on reference analytical methods that have been approved by Expert Groups, convened by either a governmental regulatory agency (e.g. the US EPA) or an international professional society. In summary: † Bioassays of sperm pathophysiology must be developed and validated by scientists experienced in spermatology or laboratory andrology to ensure not only their physiological and methodological correctness, but also that end-points are defined and identified objectively and unambiguously. † Studies must be designed critically, so as to reliably identify an adverse effect-or the lack thereof-and not just to show 'equivalence' by failing to reach statistical significance due to inherent variability of the data, e.g. by basing the assay end-point on too small a number of spermatozoa, or inadequate replicates. † A standardized method should be designed to minimize inherent errors, and the uncertainty of measurement of the end-point of interest defined; these are critical for intra-and inter-assay reproducibility. This includes counting sufficient spermatozoa from replicate preparations made from replicate treatments of each subject/ Figure 4 Flow chart illustrating a proposed pathway for developing strategies to verify that a product or substance is sperm-safe. concentration/dosage/time point permutation in order to minimize sampling and counting errors. Wherever practically possible, all assessments must be made 'blind', i.e. with the observer unaware of the provenance of each slide being read, to remove the risk of observer bias-both intentional and unintentional. This is especially important when relying on visual, subjective appraisal of the end-point.
Appropriate degree and duration of exposure to test substance
It is essential that the manner of exposure of the analyte spermatozoa to the test substance is appropriate; it needs to reflect physiology, the manner in which spermatozoa might be exposed to the substance in the real world-including dosage and duration of exposure-and the environment in which that exposure occurs. For example, the initial evaluation of a potential vaginal lubricant product must expose spermatozoa still in seminal plasma to the actual product at a concentration similar to which they might experience-or a high as they might possibly be exposed-within the vagina during intercourse in vivo, e.g. 10% (v/v) for perhaps 30 min (e.g. Agarwal et al., 2008a, b, c) . Testing in a sperm motility assay could well be the first step, but effective penetration from semen into cervical mucus post-exposure is a logical second stage, followed by testing for possible effects on sperm function ideally using spermatozoa prepared from semen post-exposure. However, when screening chemical compounds in isolation, it will be difficult, if not impossible, to consider all possible synergistic and additive effects that might arise in future mixtures containing the substance. Therefore, a final product must be tested directly for spermotoxic effects, rather than relying on previous absences of effect in tests on its constituent materials.
Controls, test subjects/sperm donors and replicates
Especially when working with a biological material such as spermatozoa as the analyte, it is essential that both positive and negative controls are included in all tests to control for sperm quality and to identify non-specific effects. Sperm functional competence varies markedly between men, ranging from 'super stud' sperm donors to men who are functionally sterile, and consequently epidemiological studies on male fertility must pay close attention to avoiding subject recruitment bias (Cohn et al., 2002; Eustache et al., 2004; Sánchez-Pozo et al., 2013) . Similarly, a laboratory performing in vitro tests of sperm function must also avoid inappropriate bias in the provenance of the sperm samples from which the analyte spermatozoa are being derived, e.g. a population of selected research donors who might be drawn from a population of 'retired' therapeutic sperm donors). Compared with such men's spermatozoa, those from men more representative of the general population might show a greater sensitivity to a toxicant, and spermatozoa from subfertile men could be even more sensitive-and perhaps therefore more appropriate as test subjects. Because variable duration of exposure to seminal plasma influences both the functional properties and DNA vulnerability of spermatozoa, and because routines obviously vary between different laboratories, it is likely that the unpredictable extent and variability of such exposure in diagnostic laboratories could preclude the use of diagnostic specimens in controlled scientific studies and validations in many laboratories. Therefore, rather than simply specifying a minimum number of subjects, it is essential that a spectrum of donors (e.g. selected research donors and general volunteers) as well as patients (male partners of couples attending an infertility clinic) be included to ensure broadbased investigation of a potential toxicant against a typical population that might be exposed to it. Combined with the possible magnitude of possible biological effect(s), this complicates establishing simple generic rules in advance, although a reasonable test population to support a claim that a substance or product does not show spermotoxicity might be 20 men, at least half of whom are in the 'at-risk' infertility clinic or at least in the 'trying-to-conceive' category. For a product to which spermatozoa will specifically be exposed during the normal course of its use (e.g. a vaginal lubricant), then this number should be considered a definite minimum.
When setting scientific limits between a 'toxic effect' and 'no toxic effect', a general risk assessment of the nature of the actual effect must be included. For instance, a situation where a transgenerational effect might be induced is far more serious than if no individual would be harmed-such as if exposed spermatozoa were simply unable to fertilize. The first situation would necessitate extensive assessments in order to decrease the influence of random variation, while in the latter case, cost-benefit and risk analysis would weigh the risk for sperm dysfunction against the possible benefits of the exposure.
Operator training and competence
Because sperm-based bioassays typically rely on visual appraisal for the assessment of results, it is essential that-just like reliable diagnostic semen analyses-they are only performed by properly trained, experienced laboratory andrology staff (MacLeod and Gold, 1951; Eliasson, 1977; Mortimer, 1994; Barratt et al., 2011; Sánchez-Pozo et al., 2013) . In order to achieve the necessary levels of accuracy and precision, reflected in a suitably low uncertainty of measurement (e.g. +10%; Bjö rndahl et al., 2010), operator training must be based on objectively defined assessment criteria and objective definitions of competency. These must be followed by regular internal quality control exercises, and adequate performance in an external quality assurance programme that incorporates an effective quality improvement capability Sánchez-Pozo et al., 2013) .
Statistical analysis and results reporting
Given the wide range of possible effects on sperm function, as well as likely inter-individual variability in their magnitude and analytical uncertainty of measurement, careful power calculations will be required to establish appropriate subject and replicate numbers on a study-by-study basis. Rigorous statistical analysis of assay data must use methods that will not obscure differences, e.g. not trying to conceal or reduce variability by expressing results as mean + SEM (always use mean + SD for suitable data), proper use of parametric and non-parametric testing, use of paired tests when valid, and avoiding the use of simplistic correlations when making comparisons (see Chapter 10 of Bjö rndahl et al., 2010). Results must be interpreted appropriately: testing must show clear a lack of adverse effect (or perhaps a beneficial effect) for a substance or product to be i32 considered 'sperm-safe'; and comments on perceived 'trends' have no value, only results with statistical significance can be interpreted and reported.
A minimum panel of tests to establish a lack of in vitro sperm toxicity A possible panel of 'current generation' tests covering the spectrum of biological functions that spermatozoa must be able to perform or achieve without compromise following exposure to a substance in order for that substance to be described as 'sperm safe' are shown in Table IV . Referenced methods are currently established testing protocols for diagnostic purposes; more streamlined, automated analytical protocols will likely be required for high throughput screening purposes. In general, assessments lower in the table are more complex and costly, and would most likely be preceded by tests listed higher in the table. The composition of specific testing packages will be influenced by various practical factors such as a particular substance's expected mode of action and cost-effectiveness of available testing technology.
Conclusions and summary of recommendations
While the authors do not seek to dictate to industry or regulatory authorities, based on our review of the literature we believe that it is reasonable to expect sound evidence of safety, as summarized in Table V , before claiming that a product is 'sperm-safe'. The need for such evidence is most certainly in the public interest, especially that of couples who are trying to conceive. It is hoped that international andrology societies or special interest groups will embrace our general principles and promote the development of specific consensus protocols for evaluating in vitro sperm toxicity, similar to those already developed for in vivo animal bioassays for reproductive toxicity, along with standard operating procedures for specific testing methods.
Note: In the following recommendations, 'substance' includes individual chemicals, mixtures of chemicals, pharmaceuticals or nutraceuticals, as well as compounded products such a creams or lubricants.
(1) A claim that a substance is 'sperm-safe' can only be made subsequent to the performance of objective, properly designed and carried out experimental studies using appropriate bioassays for all pertinent aspects of sperm production (including neuroendocrine and testicular aspects), spermotoxicity and biocompatibility (especially for substances with topical or intimate application), not just on prototype formulations but also on final production formulations and revised or 'improved' formulations. Such studies must include an adequately representative population of subjects, especially when couples who are trying to conceive will be exposed.
As a corollary to this, any claim of 'sperm-safe' should be specified in terms of those aspects of sperm function-or biological end-points-that are NOT affected by the substance, e.g. male endocrine function, sperm formation (number, morphology), sperm motility, sperm DNA vulnerability, fertilization, embryo development, pregnancy, delivery rate, birth of a healthy child, etc. A statement of 'sperm-safe' for a substance should indicate that all possible end-points have been evaluated and that there is adequate evidence that they are not affected. A lack of proof for an adverse effect cannot be taken as evidence for there being no effect. 
Table IV
Current generation tests covering the spectrum of biological functions that spermatozoa must be able to perform or achieve without compromise following exposure to a substance in order for that substance to be described as 'sperm safe' (see text for more details).
Process
End-point Method Reference Evenson (2013) (2) Extrapolation that a substance is 'sperm-safe' from a predicate substance must be done only under the strictest of circumstances, even for a revised or 'improved' formulation.
(3) Presumption that a substance is not toxic to spermatozoa cannot be based on either: (a) it only comprising constituents that are generally regarded as safe (GRAS) by regulatory authorities for other purposes; (b) none of its constituents being currently listed elsewhere as spermotoxic; or (c) assumptions that components have been used for different purposes in other products and must ergo be safe (e.g. glycerol as a cryoprotectant c.f. its use in a lubricant). (4) Appropriate bioassay verification of lack of sperm toxicity must be integral to the QC testing for individual production batches of a substance that will, or even might, come into contact with spermatozoa through its expected use. These must be in addition to standard QC tests for lack of endotoxin contamination and sterility.
(5) Bioassays for in vitro sperm toxicity must be based on appropriate physiology, be technically robust, achieve adequate levels of uncertainty of measurement that allow confident interpretation of assay results, be performed by properly trained and qualified laboratory personnel, and be interpreted by someone with expert knowledge of sperm physiology and/or andrology. See the 'A minimum panel of tests to establish a lack of in vitro sperm toxicity', section. (6) A suitable authority or organization* should maintain registries of:
(a) products that have been established, using validated methods, as being 'sperm-safe'; and (b) substances that have been established as having one or more activities that are toxic to sperm production or sperm function. Substances or products not listed must be considered suspect until confirmed to not have any toxic effects on sperm production or sperm physiology by appropriate testing. *e.g. A working group or committee of the ESHRE Andrology SIG or the International Society for Andrology. 
Table V
Summary of the criteria that should be employed for a product to be described as 'sperm-safe'.
Area of concern Criteria Evidence types
Precautionary principle Substances cannot be approved based only on similarity to substances already considered safe Actions or molecular properties similar to substances with the potential to be sperm unsafe must be considered potentially damaging until proven safe Claims must be sound Avoid claims of presumed safety for spermatozoa based on: containing only 'GRAS' constituents; presumed comparability with 'similar' predicate products; false perceptions of physiology (such as might be acceptable in the lay literature); or invalid extrapolations from testing in other species
Reject such 'evidence' during critical evaluation of claims Evidence of safety Biological validity based on objective, properly designed and carried out experimental studies. Claims of being 'sperm-safe' for products to which spermatozoa will be specifically exposed during the normal course of their use must be based on evidence covering all aspects of sperm function that might be affected by the product-a simple test on sperm motility alone cannot be considered adequate
Studies published in peer-reviewed journals. Limited reliance on conference abstracts: even if published-not subject to rigorous peer-review. Should be published in a peer-reviewed journal (e.g. within 12-18 months) for continued citation unless publication has to be delayed due to a patent application Comprehensive testing to exclude all possible aspects of spermotoxicity.
Sperm-specific testing on: prototype products; final product formulation; and on each revised or 'improved' formulation before release
Other biocompatibility testing E.g. for a vaginal lubricant, check for possible effects on: vagina and cervix; penis; and embryo teratogenicity (if used during pregnancy it could be carried from the vagina into the uterine lumen via the portal blood supply)
General quality testing On each manufactured batch of product prior to release Sterility, e.g. a sterility assurance level (SAL) of at least 10 23 . Endotoxin contamination low or undetectable, e.g. ,0.5 EU/ml Shelf life Verify: lack of toxicity; and maintenance of all other pertinent quality criteria.
Repeat bioassay testing throughout the entire stated shelf life of the product.
See text for details and background evidence.
(7) The limited data available on human subjects, and in certain instances, inconsistent data across studies, highlight the need for further epidemiological and reproductive toxicological research on the different classes of EDCs which will contribute to our overall knowledge on 'sperm-safe' compounds. (8) The relationship between EDC exposure and male reproductive and developmental health includes the changes in exposure levels among populations over time. The effects of complex environmental EDC mixtures on spermatogenesis, as well as the transgenerational effects on the offspring of exposed males, including their sperm function, should receive more attention. (9) Innovations including improved biomarkers of exposure and more sophisticated statistical methods that deal with multiple exposures simultaneously should be developed and implemented.
